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The Structural Motif Glycine 190-Valine 202 of the Fibrinogen 
7 Chain Interacts with CDllb/CD18 Integrin (<*m/?2, Mac-1) and 
Promotes Leukocyte Adhesion* 
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The leukocyte- restricted integrin CD 1 1 b/CD 1 8 
(<*m02, Mac-1) is a receptor for fibrinogen on stimulated 
monocytes and neutrophils. At variance with platelet 
<*iib03 or endothelial cell a v 0 3 integrins, CD lib/CD 18 
interacts with a ~30-kDa plasm ic fragment D (D 30 ) of 
fibrinogen that lacks the Arg-Gly-Asp sequences in the 
Aa chain and the carboxyl terminus of the y chain. 
Using epitope-mapped antibodies and synthetic pepti- 
dyl mimicry, we have now identified a unique linear 
sequence in fibrinogen that mediates ligand binding to 
CD1 lb/CD 18. Anti-fibrinogen antibodies directed to 
the 7 chain region 95-264 inhibited 126 I- fibrinogen or 
12B I-D 30 binding to chemoattractant-stimulated neutro- 
phils or monocytic THP-1 cells in a dose-dependent 
fashion. Partially overlapping synthetic peptides re- 
producing this 7 chain region were tested for their 
ability to inhibit fibrinogen binding to leukocytes. A 
synthetic peptide designated PI, duplicating 7 chain 
Gly 190 - Val 202 , inhibited 125 I-fibrinogen binding to stim- 
ulated neutrophils or THP- 1 cells and blocked adhesion 
of these cells to immobilized fibrinogen in a dose-de- 
pendent fashion. Increasing concentrations of PI in- 
hibited l26 I-fibrinogen binding to isolated CD lib/ 
CD18 in a cell-free system. Consistent with genuine 
peptidyl mimicry, 125 I-P1 bound saturably to THP-1 
cells in a reaction inhibited by molar excess of unla- 
beled peptide, fibrinogen, or D 3 o. Finally, immobilized 
PI effectively supported adhesion of THP-1 cells in a 
CD 11 b/CD 18- dependent manner. These data suggest 
that the fibrinogen y chain region Gly lt>0 - Val 202 func- 
tions as a minimal recognition sequence for the leuko- 
cyte integrin CDllb/CD18. Given the participation of 
fibrinogen: leukocyte interaction in inflammation and 
atherogenesis, antagonists based on this unique struc- 
tural motif would effectively interfere with aberrant 
leukocyte adhesion mechanisms without affecting Arg- 
Gly-Asp- directed vascular integrins. 



Leukocyte fi 2 integrins mediate a variety of celhcell and 
cell:substratum adhesive interactions during immune-inflam- 
matory responses (reviewed in Refs. 1 and 2). Ubiquitously 
expressed on all leukocytes of lymphoid and myelo- monocytic 
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solely to indicate this fact. 
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lineage, these differentiation molecules are structurally com- 
posed by a common P subunit CD 18 that associates with three 
unique a subunits, CDlla (a L ), CDllb (a M ), and CDllc (a x ) 
to form the heterodimers LFA-1 (CDlla/CD18), Mac-1 
(CDllb/CD18), and pl50,95 (CDllc/CDl8) (3). Through a 
regulated mechanism of ligand binding that involves both 
soluble as well as cell-associated ligands (1, 2), CD11/CD18 
integrins contribute to leukocyte adherence to resting or 
inflamed endothelium, T and B lymphocyte effector interac- 
tions, phagocytosis, and propagation of the coagulation and 
complement cascades (reviewed in Refs. 4 and 5). Similar to 
other integrins (1,2), optimal ligand binding to CD 11 /CD 18 
molecules requires a transient high avidity state of the recep- 
tor, which is produced by various inflammatory agonists (6, 
7) or by favorable engagement of the divalent ion binding 
site(s) (8, 9). 

On stimulated monocytes and polymorphonuclear leuko- 
cytes (PMN), 1 CDllb/CDl8 integrin functions as a high 
affinity receptor for fibrinogen (10-13). This reaction appears 
to be mediated by a novel structural interacting motif in the 
ligand. As contrasted to the recognition of other vascular cell 
integrins on platelets (am^a) (14) or endothelial cells (a v £ 3 ) 
(15), CDllb/CD18 interacts with an ~30-kDa plasmic frag- 
ment D of fibrinogen (D30) that lacks the Arg-Gly-Asp se- 
quences in the Aa chains and the COOH terminus aspect of 
the 7 chain (16). Using epitope-mapped antibodies and syn- 
thetic peptidyl mimicry, we have now identified a candidate 
region in the fibrinogen 7 chain that interacts directly with 
CDllb/CD18 and modulates its receptor: ligand binding prop- 
erties. 

MATERIALS AND METHODS 

Cells and Cell Culture— The monocytic cell line THP-1 (American 
Type Culture Collection, Rockville MD) (17) was maintained in 
continuous culture in RPMI 1640 medium (M. A. Whittaker Bio- 
products, Walkersville, MD) supplemented with 10% fetal bovine 
serum (Whittaker), 2 mM L-glutamine (Irvine Scientific, Santa Ana, 
CA), 10 mM Hepes, and 10~ 6 M 2-mercaptoethanol (Eastman). PMN 
were isolated from acid-citrate-dextrose anticoagulated blood using a 
dextran separation method (16). Blood samples were preparatively 
depleted of platelet- rich plasma by centrifugation at 800 x g for 15 
min at room temperature and of mononuclear cells by differential 
centrifugation over a Ficoll-Hypaque gradient (Sigma). After hypo- 
tonic lysis of erythrocytes, PMN were washed twice in phosphate - 
buffered saline (PBS), pH 7.2, and resuspended in ice-cold serum - 
free RPMI 1640 at 1.5 X 10 7 /ml. Suspensions of gel-filtered platelets 
were prepared as described previously in detail (14). 

Antibodies — The establishment and characterization of the se- 



1 The abbreviations used are: PMN, polymorphonuclear leuko- 
cytes; fMLP, jV-formyl-methionyl-leucyl-phenylalanine; PPACK, r>- 
phenylalanyl-L-prolyl-L-arginine chloromethyl ketone; PBS, phos- 
phate-buffered saline; mAb, monoclonal antibody. 
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quence-specific rabbit polyclonal antibody directed against the human 
fibrinogen y chain Lys 95 -Met 2W (-y 9 ^ 264 ) have been described previ- 
ously in detail (18). The monoclonal antibody (mAb) 108.3 recogniz- 
ing an unidentified epitope in the fibrinogen 7 chain was the generous 
gift of Dr. Howard Soule, Corvas International, San Diego, CA. Anti- 
CDllb mAbs were OKM1 and OKM10 (3). The anti-tissue factor 
mAb 6B4 (generously provided by Dr. W. Ruf, The Scripps Research 
Institute), and the anti-factor V rabbit polyclonal antibody V82 were 
used as controls in antibody inhibition experiments. 

Protein Characterization and Labeling — The experimental proce- 
dures for the isolation of fibronectin-depleted plasma fibrinogen or 
D M have been described previously in detail (16). Both fibrinogen and 
D 30 were 126 Mabeled using the IODO-GEN method (19) to a specific 
activity of 0.5 and 0.55 pCi/ng, respectively. A panel of synthetic 
peptides duplicating partially overlapping regions in the fibrinogen 7 
chain was synthesized and purified to homogeneity by high pressure 
liquid chromatography on C-18 columns (see Table I). A variant 
peptide duplicating the fibrinogen 7 chain sequence Trp^-Val 202 was 
synthesized with the addition of the residues Lys-Tyr-Gly 190 at the 
NH 2 terminus for iodination and binding studies. Typically, 2 mg of 
this peptide, designated PI (Table I), were iodinated with 5-7 mCi 
Na 125 I by the IODO-GEN method for 45 min at 4 °C. Free radioactiv- 
ity was separated by gel filtration over a Bio-Gel P-2 column (Bio- 
Rad) preequilibrated with PBS, pH 7.2, with a flow rate of 0.2 ml/s. 
The factor X-derived synthetic peptides GYDTKQED(G) (366-373), 
IDRSMKTRG (422-430), and GLYQAKRFKV(G) (238-246) were 
previously characterized for their ability to inhibit 125 I -factor X bind- 
ing to CDllb/CDl8 on chemoattractant-stimulated monocytes or 
PMN (20, 21). 

Binding Reactions— Binding of 125 I-fibrinogen or I25 I-D;io to PMN 
or THP-1 cells was carried out as described previously (10, 16). 
Briefly, serum-free suspensions of PMN or THP-1 cells at 1.5 X 10 7 / 
ml were stimulated with 10 of the chemoattractant iV-formyl- 
methionyl-leucyl -phenylalanine (fMLP, Sigma) in the presence of 2.5 
mM CaCl 2 and 100 D-phenylalanyl-L-prolyl-L-arginine chloro- 
methyl ketone (PPACK) and mixed with increasing concentrations 
of l25 I-fibrinogen or 126 I-Dso for 20 min at 22 °C. The reaction was 
terminated by centrifugation of aliquots of the incubation reaction 
through mixture of silicone oil (Dow Corning Inc., New Bedford, MA) 
at 14,000 x g for 5 min to separate free from cell -associated radioac- 
tivity. Nonspecific binding was assessed in the presence of a 100-fold 
molar excess of the corresponding unlabeled competing protein si- 
multaneously added at the start of the incubation reaction and was 
subtracted from the total to calculate net specific binding. For com- 
petition experiments, suspensions of PMN or THP-1 cells were 
separately preincubated with various doses of the fibrinogen-derived 
or factor X-derived synthetic peptides (20, 21) for 30 min at 22 °C. 
Cells were stimulated with 10 fiM fMLP in the presence of 2.5 mM 
CaCl 2 , 100 /iM PPACK, and mixed with subsaturating concentrations 
of l25 I-fibrinogen (0.14 m m) or l25 I-Dao (0.16 hm) for an additional 20 
min of incubation at 22 °C before quantitation of specific binding. 

Binding of 126 I- fibrinogen to ADP-stimulated gel-filtered platelets 
in the presence or in the absence of various fibrinogen-derived syn- 
thetic peptides or control peptide GRGDSP was quantitated as de- 
scribed previously in detail (14). 

For time course studies of 125 I-Pl peptide binding, serum-free 
suspensions of THP-1 cells were incubated with a fixed concentration 
of the radioiodinated peptide in the presence of 2.5 mM CaCl2 for 
increasing time intervals between 5 and 60 min at 22 °C. Specific 
binding was calculated at each time point in the presence of a molar 
excess (500 jxM) of unlabeled PI or control peptide L10, derived from 
the COOH terminus of the fibrinogen 7 chain (Table I), simultane- 
ously added at the start of the incubation. In another series of 
experiments, suspensions of THP-1 cells were stimulated with 10 mM 
fMLP in the presence of 2.5 mM CaCl 2 and simultaneously mixed 
with a fixed dose of 12fi I-Pl peptide and unlabeled fibrinogen (0.44 
mm), unlabeled D30 (3.3 /iM), or myoglobin (3.3 nM). After 30 min of 
incubation at 22 °C, specific 125 I-P1 binding in the presence of the 
various competing proteins was quantitated as described. 

Binding Reactions to Isolated CDl lb/CD 18— The recognition of 
CD lib/CD 18 for the Pi sequence was further characterized in a cell- 
free system. For these experiments, a capture-antibody method was 
developed to immuno-isolate CDllb/CDl8 from detergent-solubi- 
lized THP-1 cell extracts as described previously (8). Briefly, 96-well 
enzyme-linked immunosorbent assay microtiter plates (Falcon) were 
coated with 10 ng/ml anti-CDllb mAb OKM10 in 0.1 mM NaHCOa, 
pH 9.0, for 12 h at 4 °C. THP-1 cells (10 9 cells) were solubilized in a 
lysis buffer containing 0.5% Triton X-100 (Sigma) and 0.5% Nonidet 



P-40 (Sigma), 1 mM benzamidine (Calbiochem), 100 /*M PPACK, 25 
Mg/ml leupeptin (Calbiochem), 1 mM phenylmethanesulfonyl fluoride 
(Sigma), and 100 Mg/ml soybean trypsin inhibitor (Sigma) for 30 min 
at 4 °C in constant agitation. Nuclei and other detergent- insoluble 
materials were cleared by centrifugation at 14,000 X g for 15 min at 
4 °C. One hundred -^1 aliquots of the cell extract were incubated on 
OKMlO-coated plates for 18 h at 4 °C. Wells were extensively washed 
in PBS, pH 7.2, post-coated with 3% gelatin (Sigma) for 30 min at 
37 *C, and finally incubated in duplicate samples with 0.14 ^m 125 I- 
fibrinogen in serum- free RPMI 1640 plus 2.5 mM CaCl 2 or 1 mM 
MnCl 2 for 45 min at 22 °C. The reaction was terminated by three 
washes in serum-free RPMI 1640, and radioactivity associated under 
the various conditions was quantitated in a 7 counter. Nonspecific 
binding was assessed in the presence of a 100- fold molar excess of 
unlabeled fibrinogen added at the start of the incubation and was 
subtracted from the total to calculate net specific binding. The effect 
of various synthetic peptides on l2fi I-fibrinogen binding to isolated 
CD lib/CD 18 was assessed by mixing increasing concentrations of 
control L10 peptide or Pi peptide (15-260 pM) simultaneously with 
0.14 pM 12S I-fibrinogen for 45 min at 22 "C before quantitation of 
specific binding as described above. 

Adhesion Assays — For these experiments 96-well polystyrene mi- 
crotiter plates (Lincoln Scientific) were coated with 5 fig/m\ fibro- 
nectin or fibronectin-depleted fibrinogen for 16 h at 4 *C. At the end 
of the incubation, wells were rinsed in PBS, pH 7.2, and post-coated 
with 3% gelatin for 30 min at 37 "C. One hundred-/d aliquots of 
fMLP-stimulated PMN or THP-1 cells at 5 x 10 8 /ml were equili- 
brated with various doses of control L10 or PI peptide (30-500 jiM) 
for 30 min at 22 °C, and subsequently added to the immobilized 
substrates for 30 min at 22 °C in the presence of 2.5 mM CaCl 2 . 
Nonadherent or loosely adherent cells were removed by three washes 
with serum-free RPMI 1640, and specifically attached cells were 
stained with 0.5% crystal violet (Sigma) for 10 min at 22 *C. After 
washing with PBS, pH 7.2, cells were lysed in 0.1% Triton X-100, 
and the absorbance (ODaoonm) was quantitated on a Vmax Microd- 
evice 96-well plate enzyme-linked immunosorbent assay reader. Al- 
ternatively, serum-free THP-1 cells at 5 x 10 6 /ml were metabolically 
labeled with 0.5 mCi M Cr (Na 2 Cr0 4 , specific activity, 487.4 mCi/mg, 
Du Pont-New England Nuclear) for 2 h at 37 °C to a specific activity 
of 3-5 cpm/cell. After two washes in serum-free RPMI 1640, labeled 
cells were equilibrated with various doses of control L10 or PI peptide 
as described above, plated on the various immobilized substrate for 
the indicated time, washed, and finally lysed in 20% SDS. Radioac- 
tivity was measured in a scintillation 0 counter. The number of 
specifically attached cells was calculated by dividing the counts/min 
harvested by the counts/min per cell. 

In another series of experiments, 96-well polystyrene plates were 
coated with 10 Mg/ml of various fibrinogen peptides in 0.1 M NaHC0 3 , 
pH 9.0, for 18 h at 4 °C, post-coated with 3% gelatin, and washed in 
PBS, pH 7.2. Wells were further incubated with 100-jU aliquots of 
serum-free suspensions of fMLP-stimulated 6l Cr-labeled THP-1 cells 
(1 X 10 7 /ml) in the presence of 2.5 mM CaCl 2 for 45 min at 22 "C. 
After three washes in serum-free RPMI 1640, specifically attached 
cells were quantitated as described above, or alternatively, by direct 
analysis of selected fields using a Nikon Diaphot TMD (Nippon 
Kogaku Co., Japan) inverted microscope. The efficiency of peptide 
immobilization on plastic wells under these experimental conditions 
was quantitated experimentally. For these experiments, 1:200 dilu- 
tions of a rabbit anti -fibrinogen polyclonal antibody (18) were incu- 
bated with the various immobilized peptides for 2 h at 37 °C. After 
washes in PBS, pH 7.2, binding of the anti-fibrinogen antibody to 
control peptides or to the various fibrinogen-derived peptides was 
quantitated by addition of 5 jig/ml aliquots of m I-labeled goat anti- 
rabbit antibody for 2 h at 37 °C. Radioactivity specifically associated 
under the various conditions tested was quantitated in a 7 counter. 

To assess the specificity of the peptide-mediated adhesion, aliquots 
of "Cr-labeled THP-1 cells were incubated with 50 Mg/ml anti-CDllb 
mAb OKM1 for 30 min at 22 °C before reconstitution of the adhesion 
assay as described above. 

RESULTS 

Structure-Function Analysis of D 30 — Initial insights into 
the identity of the fibrinogen chain remnants in D 3 o mediating 
binding to CDllb/CD18 (16) were obtained using existing 
antibodies to the 7 chain. For these studies, increasing con- 
centrations of a rabbit polyclonal antibody directed against 7 
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95-264 (anti-Y 96 - 264 ) (18), inhibited the binding of 125 I-D 30 to 
chemoattractant (fMLP) -stimulated PMN in a dose-depend- 
ent manner. The reaction was completely abrogated at a 1:100 
dilution of antiserum, whereas a control antiserum was with- 
out effect under the same experimental conditions (Fig. 1). 
Similar results were also obtained using the anti-y chain mAb 
108.3 (Fig. 1). Both anti-7 95-26i antibody and mAb 108.3 also 
inhibited 125 I-fibrinogen binding to fMLP-stimulated PMN 
in a dose-dependent manner (not shown). 

Peptidyl Mimicry of the Fibrinogen y 19 ^ 202 Chain— To di- 
rectly investigate whether a recognition sequence for CD lib/ 
CD 18 resided in the fibrinogen y 9& ~ 264 region, peptidyl mimicry 
experiments were carried out. Partially overlapping synthetic 
peptides duplicating various aspects of this implicated region 
of the y chain (Table I) were initially tested for their ability 
to inhibit binding of 125 I -fibrinogen to stimulated THP-1 cells. 
In these experiments, increasing concentrations (3-300 /iM) 
of PI peptide (Gly^-Val 202 with Lys-Tyr residues at the NH 2 
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Fig. 1. Effect of anti-fibrinogen y chain antibodies on 125 I- 
D 30 binding to PMN. Suspensions of dextran -isolated PMN at 1.5 
X 10 7 /ml were stimulated with 10 /iM fMLP in the presence of 2.5 
mM CaCl 2 , and immediately mixed with 0.16 jiM 124 I-D3o, which had 
been preincubated for 45 min at 22 *C with increasing concentrations 
of anti-7 chain mAb 108.3, anti-y chain antibody 7 95 " 284 , or control 
antibody V82. After 20-min incubation at 22 °C, the reaction was 
terminated by centrifugation through silicone oil at 12,000 x £ for 5 
min at room temperature. Nonspecific binding, ranging between 5 
and 15%, was quantitated in the presence of a 50- fold molar excess 
unlabeled D30, and was subtracted from the total to calculate net 
specific binding. Shown in the figure is a representative experiment 
of at least three independent determinations. Similar results were 
also obtained using monocytic THP-l cells (not shown in the figure). 

Table I 

Synthetic fibrinogen y chain and related peptides used in this study 
Synthetic peptides were purified by high pressure liquid chromatog- 
raphy on C18 columns. Amino acid sequences are reported in single 
letter code. 



Synthetic peptide 


Sequence" 


7 1 


M*LEEIMKYEASILTHDS 10S C* 


7 2 


H l03 DSSIRYLQEIYNSNNQ 1I9 C» 


7 3 


N m NQKIVNLKEKVAQLEA 133 C* 


7 4 


L 131 EAQCQEPCKDTVQIHD l47 C* 


7 6 


I 14fi HDITGKDCQDIANKGA l61 C* 


7 6 


G 1W LYFIKPLKANQQFLVYCEIDGSG I88 C* 


DI 


I 16J *KPLKANQQFLVYCEIDGSGNG 190 


DII 


Q^KRLDGSVDFKK 206 


Dili 


K ,62 QSGLYFIKPLKAN 176 


DIV 


D I85 GSGNGWTVFQKR 197 


PI 


K*Y*G I90 WTVFQKRLDGSV 202 


Pib 


K*Y*G*Q 195 KRLDGS 201 


L-10-Y 


LGSDKQKRGY 


PI' 


K^Y'G^WTVFQKRL-GSV 201 


L10 


L 402 GGAKQAGD V 41 1 



terminus) blocked binding of l25 I-fibrinogen to fMLP-stimu- 
lated THP-1 cells in a dose-dependent manner (Fig. 2). Max- 
imal inhibition (IC^ = 4-8 uM) required preincubation of 
THP-1 cells with Pi for 30 min at 22 °C (see below). At 
concentrations >300 nM t PI aggregated and caused nonspe- 
cific precipitation of 126 I-labeled fibrinogen. Under the exper- 
imental conditions described above, a control peptide synthe- 
sized with a scrambled sequence (L-10-Y), or the L10 peptide, 
duplicating the COOH terminus of the fibrinogen 7 chain 
(Table I) were completely ineffective (Fig. 2). With the excep- 
tion of DII and Plb peptides (Table I) f that partially inhibited 
125 I-fibrinogen binding to fMLP-stimulated THP-1 cells (see 
below), none of the other peptides listed in Table I signifi- 
cantly reduced CDllb/CD18 interaction with fibrinogen or 
D 30 when tested at concentrations ranging between 50 and 
500 ftM (not shown). 

In parallel experiments, increasing concentrations of PI 
caused a dose-dependent inhibition (IC50 = 70-80 /xM) of the 
adhesion of fMLP-stimulated THP-1 cells to immobilized 
fibrinogen (Fig. 3). Consistent with the specificity of CDllb/ 
CD18 recognition of fibrinogen (8, 10-13), concentrations of 
Pi up to 500 fiM did not interfere with attachment of THP-1 
cells to fibronectin -coated plates under similar experimental 
conditions (ODeoo nm Pi = 1.2; L-10-Y = 0.90). 

Interaction of PI with CDllb/CD18—To distinguish be- 
tween genuine peptidyl mimicry and other effects on receptor 
function, aliquots of PI were 126 I-Iabeled and their interaction 
with THP-1 cells analyzed. As shown in Fig. 4, l26 I-Pl asso- 
ciated with fMLP-stimulated THP-1 cells in a specific and 
time-dependent reaction, approaching apparent equilibrium 
after a 30-min incubation at 22 °C (Fig. 4). Binding of l25 I-Pl 
to THP-1 cells was maximal in the presence of 1 mM MnCl 2 , 
was inhibited by excess unlabeled peptide, and was unaffected 
by the control peptide L10 (Fig. 4). Finally, the CDllb/CDl8 
ligands, fibrinogen or D 30 (10, 16), also inhibited 126 I-P1 bind- 
ing to THP-1 cells while a control protein, myoglobin, was 
ineffective under the same experimental conditions (Fig. 5). 

To further establish the recognition specificity of PI, pep- 
tide competition experiments were carried out in a cell-free 
system using isolated CDllb/CD18. For these studies, 
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Fig. 2. Effect of PI < 7 l *>- 203 ) on 1M I-fibrinogen binding to 
leukocytes. Serum- free suspensions of THP-1 cells at 1.5 X 10 7 /ml 
were incubated with increasing concentrations (2-66 mm) of PI (•) 
or control peptide L10 (O) in the presence of 2.5 mM CaCl 2 for 30 
min at 22 °C. Cells were stimulated with 10 **M fMLP and immedi- 
ately mixed with 0.14 fiM 126 I-fibrinogen for 20 min at 22 *C. At the 
end of the incubation, specific binding was calculated as described in 
Fig. 1. Data are presented as mean ± S.E. of five independent 
experiments. 126 I-Fibrinogen bound to fMLP-stimulated THP-1 cells 
in the absence of competitors was 40,400 ± 7,900 molecules/cell (n = 
6). Similar results (not shown in the figure) were also obtained with 
fMLP-stimulated PMN. 
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Fig. 3. Effect of PI on leukocyte adhesion to fibrinogen. 

Aliquots of fibronectin-depleted fibrinogen at 5 ng/m\ were immobi- 
lized on 96-well polystyrene microtiter wells for 16 h at 4 *C. Plates 
were washed in PBS, pH 7.2, post-coated with 3% gelatin, and further 
incubated with serum-free suspensions of fMLP (10 pM) -stimulated 
THP-1 cells or PMN at 5 X 10 6 /ml for 45 min at 22 *C. In peptide 
inhibition experiments, aliquots of the leukocyte suspensions were 
equilibrated with increasing concentrations (15-520 fiM) of PI (•) or 
L10 (O) in the presence of 2.5 mM CaCl 2 for 30 min at 22 fl C, before 
addition to the fibrinogen-coated plates. At the end of the incubation, 
nonadherent cells were removed by three gentle washes with PBS, 
pH 7.2, stained with 0.5% crystal violet, lysed in 0.1% Triton X-100, 
and the absorbance quantitated at ODeoonm- Data are expressed as 
mean ± S.E. of six indepedent experiments using THP-1 cells. Basal 
level of THP-1 cell adhesion to fibrinogen-coated plates in the ab- 
sence of competitors was ODeoo n m= 1.076 ± 0.28 (n - 6). Similar 
results (not shown in the figure) were obtained with fMLP-stimulated 
PMN. 
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Fig. 4. Binding of lM I-Pl to THP-1 cells. Aliquots of l25 I-Pl 
were mixed with suspensions of THP-1 cells at 1.5 X 10 7 /ml in the 
presence of 1 mM MnCl 2 for increasing time intervals at 22 °C. At 
the end of each incubation, cell-associated radioactivity was deter- 
mined as described in Fig. 1. Binding of 125 I-P1 was assessed in the 
absence of competing peptides (O), or in the presence of 500 
unlabeled Pi (•), or L10 (■). Data are presented as mean ± S.E. of 
two independent experiments. 

CDllb/CD18 was immuno-captured from detergent-solubi- 
lized THP-1 cell extracts using OKM10, an anti-CDllb mAb 
that does not block fibrinogen binding to leukocytes (10, 13). 
Under these experimental conditions, increasing doses of Pi 
dose-dependently inhibited binding of 125 I -fibrinogen to iso- 
lated CDllb/CDl8, while control peptide L10 had no effect 
(Fig. 6). 

Specificity of Pi for CD 1 lb/CD 18:Fibrinogen Interaction— 
The possibility that the Pi sequence in the fibrinogen y chain 
might function as a unique interacting motif in leuko- 
cyterfibrinogen interaction was further investigated. First, 
increasing concentrations of Pi, that completely inhibited 




L I 
I 



Fig. 5. Effect of CD lib/CD 18 macromolecular ligands on 
lM I-Pl binding to THP-1 cells. The experimental conditions are 
the same as in Fig. 4. For competition experiments, 0.44 /iM fibrino- 
gen, 3.3 mm D30, or 3.3 myoglobin, were added to THP-1 cells 
incubated with 1M I-P1 and in the presence of 1 mM MnCl 2 for 30 min 
at 22 °C. Data are expressed as mean ± S.E. of two independent 
determinations. 
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Fig. 6. Effect of PI on fibrinogen binding to immuno- 
captured CD lib/CD 18. CDllb/CD18 was isolated from detergent- 
solubilized THP-1 cell extracts (10 9 cells) using OKM10 anti-CDllb 
mAb immobilized onto 96-well microtiter wells at 10 Mg/ml. Wells 
were preincubated with increasing concentrations (15-260 pm) of PI 
(O), or L10 (□) for 30 min at 22 *C in the presence of 1 mM MnCl 2 
and further incubated with 0.14 mM m I-fibrinogen. After 45 min at 
22 W C, wells were washed three times in serum-free RPMI 1640, 
amputated, and radioactivity was measured in a y counter. Specific 
binding was determined in the presence of a 50-fold molar excess 
unlabeled fibrinogen. 126 I-fibrinogen specifically bound to isolated 
CDllb/CD18 in the absence of competitors was 23.6 ± 9.1 ng/well. 
Data are presented as mean ± S.E. of two independent experiments. 

125 I-fibrinogen association with fMLP-stimulated leukocytes 
(Fig. 2), did not reduce binding of l25 I -fibrinogen to ADP- 
stimulated gel-filtered platelets (Table II). Under these ex- 
perimental conditions, l25 I- fibrinogen binding to stimulated 
platelets was completely abolished by control peptide 
GRGDSP, in agreement with previous observations (14) 
(Table II). Second, binding of 126 I-fibrinogen to CDllb/CD18 
was only minimally affected (~20-30% reduction) for high 
concentrations of one (IDRSMKTRG) of the three inhibitory 
synthetic peptides that completely block 126 I-factor X associ- 
ation with CDllb/CDl8 on stimulated monocytes (20, 21) 
(Fig. 7). Finally, analysis of a panel of shorter peptidyl var- 
iants of PI revealed that a minimal inhibitory core sequence 
was contained within residues Glu^-Val 202 . As shown in Fig. 
8, the corresponding peptide, Plb (Table I), inhibited 126 I- 
fibrinogen binding to fMLP-stimulated THP-1 cells, while 
the control scrambled peptide L-10-Y was ineffective under 
the same experimental conditions (Fig. 8). Furthermore, mu- 
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Table II 

Effect of various fibrinogen-derived synthetic peptides on l2h I- 
fibrinogen binding to ADP-stimulated get- filtered platelets 
Aliquots of gel-filtered platelets at 1 X 10*/ml in Tyrode's buffer, 
pH 7.4, were stimulated with 10 pM ADP and immediately mixed 
with 0.3 /iM fibrinogen and the indicated peptide concentrations. 
The reaction was continued for 30 min at 22 *C, before quantitation 
of specific binding in the presence of a 50-fold molar excess of 
unlabeled fibrinogen. Data are presented as mean ± S.E. of two 
independent experiments. 



Competitor 




125 I-fibrinogen bound 






molecules/platelet 


None 




35,000 ± 7,500 


GRGDSP 


50 


10,000 ± 1,700 


GRGDSP 


100 


7,900 ± 370 


Pi 


50 


55,400 ± 3,500 


PI 


100 


87,100 ± 6,200 


Plb 


50 


52,300 ± 4,200 


Plb 


100 


67,700 ± 4,200 


L-10-Y 


50 


27,700 ± 940 


L-10-Y 


100 


30,700 ± 1,700 
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Fig. 7. Effect of factor X synthetic peptides on "^-fibrin- 
ogen binding to THP-1 cells. Aliquots of THP-1 cells at 1.5 X 10 7 / 
ml were equilibrated with increasing concentrations of the indicated 
factor X -derived synthetic peptides for 30 min at 22 *C in the presence 
of 2.5 mM CaCl 2 . After stimulation with 10 mm fMLP, THP-1 cells 
were further incubated with 0.14 /xM l25 I- fibrinogen for an additional 
20 min at 22 *C before quantitation of specific binding. Data are 
presented as mean ± S.E. of two independent experiments. 
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Fig. 8. Effect of PI variant peptides on 125 I-fibrinogen 
binding to THP-1 cells. Aliquots of THP-1 cells at 1.5 X 10 7 /ml 
were equilibrated with 50 of the indicated fibrinogen-derived 
peptides (Table I) for 30 min at 22 *C. After stimulation with 10 nM 
fMLP, cells were incubated with 0.14 nM 126 I- fibrinogen for additional 
20 min at 22 "C before quantitation of specific binding as described 
in Fig. 2. Data are presented as mean ± S.E. of two independent 
experiments. 

tant peptides where Asp 199 was either deleted (Pi', Table I), 
or substituted with Asn or Glu residues failed to reduce 120 I- 
fibrinogen binding to stimulated THP-1 cells (Fig. 8). 

Adhesion of CDl lb /CD 18 -bearing Cells to Immobilized PI— 
Additional experiments explored the possibility that the Pi 



sequence was in itself sufficient to mediate CDllb/CD18- 
dependent leukocyte adhesion. To test this hypothesis, micro- 
titer wells were coated with various fibrinogen peptides and 
incubated with fMLP-stimulated THP-1 cells at 5 x 10 6 /ml 
for 45 min at 22 °C. As shown in Fig. 9, stimulated THP-1 
cells bound avidly to immobilized PI, DII peptides (Fig. 9) 
and Plb (not shown). In contrast, control peptides L10, Gly- 
Pro-Arg-Pro, L-10-Y (Table I), or RGDS failed to support 
THP-1 cell adhesion under the same experimental conditions 
(Fig. 9). As determined experimentally by their reactivity with 
an anti-fibrinogen antibody (18) in enzyme-linked immuno- 
sorbent assay, the amount of these latter peptides immobilized 
on plastic wells was quantitatively indistinguishable as com- 
pared with that of the other functionally active peptides PI, 
DII, or Plb tested under these experimental conditions (not 
shown). 

To further substantiate the participation of CD lib/CD 18 
in THP-1 cell attachment to Pi, mAb inhibition experiments 
were carried out. As shown in Table III, saturating concentra- 
tions of the functionally inhibitory anti-CDllb mAb OKMl 
(10, 12, 13, 16) effectively blocked the adhesion of 61 Cr-labeled 
THP-1 cells to Pl-coated plates, while a control mAb was 
ineffective under the same experimental conditions (Table 
III). 

DISCUSSION 

In this study we have identified a novel sequence in fibrin- 
ogen that functions as a structural interacting motif for the 
leukocyte integrin CDllb/CD18. Although originally estab- 



L10 




Gly.Pro.Arg.Pro 





L-10-Y 




Fig. 9. Adhesion of THP-1 cells to peptide-coated plates. 

96-well polystyrene microtiter wells were coated with 10 /tg/ml of the 
indicated fibrinogen-derived peptides in 0.1 M NaHC0 3 , pH 9.0, for 
12 h at 4 *C, washed in PBS, pH 7.2, and post-coated with 3% gelatin. 
Serum-free suspensions of THP-1 cells at 2 x 10 7 /ml were added to 
the various peptide-coated wells for 45 min at 22 *C. After three 
washes in serum-free RPMI 1640, the degree of cell attachment to 
the indicated peptides was evaluated microscopically. 
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Table III 

Effect ofanti-CDllb mAb 0KM1 on cell attachment to Pi- 

coated plates 

Aliquots of 81 Cr-labeled THP-1 cells at 5 x ltf/ml were incubated 
with 50 Mg/ml anti-CDllb mAb OKM1, or control mAb 6B4 for 30 
min at 22 °C. At the end of the incubation, cells were plated on Pl- 
coated plates for 30 min at 22 °C, washed, and lysed in 20% SDS, 
and radioactivity associated under the various conditions was meas- 
ured in a 0 scintillation counter. The number of attached cells was 
calculated by dividing the counts/min harvested by the counts/min 
per cell. 



mAb 


Specificity 


Attached cells 


None 




21,260 


6B4 


Tissue factor 


24,860 


OKM1 


CDllb 


5,070 



lished as a complement receptor participating in immune 
adherence and phagocytosis of opsonized particles (3, 22), 
recent work has identified CD lib/CD 18 as an inducible and 
high affinity receptor for fibrinogen (10-13). This recognition 
is mediated by a unique interacting motif contained within a 
~30-kDa plasmic fragment D of the ligand (D30). As this 
fragment of fibrinogen lacks the Arg-Gly-Asp sequences in 
the Aa chain and the extreme carboxyl terminus of the y 
chain (16), CDllb/CD18 recognition of fibrinogen is distinct 
from that of other vascular integrins (14, 15). Here, a com- 
bined strategy based on sequence-specific antibodies and syn- 
thetic peptidyl mimicry has converged to identify the fibrin- 
ogen y 190-202 chain as a linear sequence that directly interacts 
with CDllb/CDl8. First, an anti-7 95 - 284 chain antibody (18) 
inhibited iae I- fibrinogen or l25 I-D3o binding to stimulated 
PMN or THP-1 cells. Second, analysis of a panel of partially 
overlapping 7 chain synthetic peptides (Table I) revealed that 
only the Pi sequence 7 190 - 202 had specific inhibitory properties 
on CDllb/CDl8 ligand recognition. 

PI inhibited binding of l25 I -fibrinogen (IC 60 = 10-70 pM) to 
stimulated PMN or THP-1 cells in a dose-dependent fashion, 
blocked adhesion of these cells to immobilized fibrinogen, and 
prevented 125 I-fibrinogen binding to isolated CDllb/CDl8. 
When tested under the same experimental conditions, none 
of the other 7 chain peptides significantly affected CDllb/ 
CD 18 ligand binding. Consistent with genuine peptidyl mim- 
icry, 126 I-P1 bound specifically and saturably to leukocytes in 
a reaction that approached apparent equilibrium after a 30- 
min incubation at 22 °C, and that was completely abrogated 
by molar excess fibrinogen or D30. In agreement with previous 
observations on CD lib/CD 18 recognition of macromolecular 
ligands (8), optimal binding of ,25 I-Pl to CDllb/CD18 was 
observed in the presence of mM doses of Mn 2+ ions (8). 

Several lines of evidence indicate that the fibrino- 
gen:leukocyte interaction mediated by CD1 lb/CD 18 has im- 
portant pathophysiologic implications. Intravascular leuko- 
cyte accumulation severely contributes to the onset and de- 
velopment of the atherothrombotic lesion, with disruption of 
the endothelial cell monolayer, foam cell formation, and re- 
lease of vasoactive mediators (23-26). Local activation of 
coagulation and fibrin (ogen) deposition on the leukocyte sur- 
face invariably contributes to thrombus organization in the 
atherosclerotic plaque (27-30). On the other hand, recent 
studies have provided evidence of how fibrinogen binding to 
leukocyte CDllb/CD18 also participates in specific mecha- 
nisms of inflammation and host defense. In this context, 
occupancy of CDllb/CDl8 with fibrinogen or with the func- 
tionally blocking mAb OKM1, profoundly modulates mono- 
cyte oxidative responses and Fc-mediated phagocytosis of 
opsonized particles (31), synergizes with suboptimal doses of 
cytokine to stimulate large generation of hydrogen peroxide 



in PMN (32), and initiates monocyte translation of early 
activation-dependent genes in combination with substimula- 
tory doses of bacterial lypopolysaccharide (33). 

The identification of the PI sequence may be an important 
step in the development of highly specific probes and antag- 
onists of CDllb/CDl8:fibrinogen interaction and its conse- 
quences. As characterized in this study, PI possesses a unique 
specificity to selectively block fibrinogen association with 
leukocyte CDllb/CDl8, without affecting receptor function 
of other vascular integrins. In this context, inhibitory doses 
of Pi did not reduce binding of 125 I-fibrinogen to ADP- 
stimulated gel-filtered platelets (14), and similarly, synthetic 
antagonists of factor X association with CDllb/CD18 (20, 
21) were ineffective in blocking 125 I-fibrinogen binding to 
fMLP-stimulated THP-1 cells. 

Two general conclusions can be drawn from these studies. 
First, the structural basis of fibrinogen association with 
CDllb/CD18 is not mediated through an Arg-Gly-Asp-de- 
pendent recognition. As postulated earlier by analysis of D30 
binding to CDllb/CDl8 (16), we have now identified the 
sequence y 90 " 202 as a novel fibrinogen interacting motif with 
CDllb/CD18. When this was further dissected in additional 
experiments using shorter Pi peptide variants, it was found 
that the Plb peptide, Gln 196 -Val 201 inhibited 126 I-fibrinogen 
binding to stimulated CDllb/CD18. However, the inhibitory 
activity of Plb was decreased approximately 10-fold as com- 
pared with that of the longer PI sequence, with ICm = ~60 
MM. The presence of an Asp at position 199 in the inhibitory 
sequences of Pi and Plb is consistent with the presence of 
an Asp in most ligand peptides interacting with integrins (1- 
5). In agreement with its potential involvement in ligand 
binding suggested for other integrins (1-2), PI variants, where 
Asp 199 was either deleted (PI', Table I) or mutated to Glu or 
Asn (Fig. 8), failed to inhibit 126 I -fibrinogen binding to CDllb/ 
CD18. 

Second, this y 190 - 202 chain sequence appears to contain a 
minimal structural requirement for genuine ligand mimicry, 
as judged by its ability not only to inhibit receptor binding 
properties, but also to directly support leukocyte adhesion. 
Our studies cannot presently exclude the participation of 
other lower affinity contact sites within fibrinogen, in addition 
to the 7 190 - 202 chain, which contribute to an optimal recep- 
torrligand docking. Consistent with this possibility, Pl-me- 
diated inhibition of 125 I-fibrinogen binding to leukocytes, or 
leukocyte attachment to immobilized fibrinogen consistently 
ranged between 65-80%. If additional sites were involved, this 
would be similar to the multipartite ligand recognition char- 
acteristic of factor X association with CDllb/CDl8 (20, 21), 
and of fibrinogen interaction with platelet aiibft (34). 

In summary, we have characterized a discrete region in the 
fibrinogen 7 chain within residues 190-202 that interacts 
directly with CDllb/CD18, and genuinely mimics the mac- 
romolecular ligand. While enforcing the concept that leuko- 
cyte integrins use structurally different recognition sequences 
as compared with Arg-Gly-Asp -directed integrins (1, 2), this 
work has identified a potential peptidyl antagonist of leuko- 
cyte adhesion mechanisms that should not interfere with 
ligand binding to other vascular cell integrins. 
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TABLE 7. StudiBB of the Efforts of Antiplatelet Agents on HostCfioBit; After Coronary Angioplasty 



Control 



Troatmont 



Reference 



Patients 
enrolled 


Number with 
angiographic 
followup 


Agom 


nfifllenoaia 
rate i%) 


236 


176 


Placebo 


25 


469 




ABA 


41 


79 


79 


Low-dose ASA 


18 


495 


1KB 


Low-doae AHA 


47 


376 


249 


Placabo 


3D 


203 


66 


Luwdotse ASA 


31 


40 


31 


Placebo 


14 


243 


243 


Pliiceto 


32 


216 


3*3 


Placebo 


38 


200 


. 244 


Placebo 


41 


309 
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ASA 


SB 



Restenosis 
rale 1%) 



Conclusion/ 
comment 



White el al. M 

5ch«in2ejtbucher ei ul. m 
Mufcon et ah*"' 
Schwartz et al • w 
Dyckmam cl al.* 17 
Kind et al. Da 
Schwartz ft al, w 
Taylor et al, 1D0 
Bertrand et al 101 

Kilazume et al. 1(a 



1. Tie! 2. ASA^Ip 

ASA + Hop 
High-dose ASA 
High-dose ASA 
•AS A/Dip 
High^doae ASA 
ASA 
A8 A/Dip 
ASA 
TlCl 

1. ASA + Ticl 2. ASA + 
Ticl + Nicor 



ASA. Aftplrtn; Dip, d(p,yri<lomoio; Hup, hflpnrfi\i Nicor, nicomndll; TH tidupidind. 



1^9 
2.33 

41 

21 

51 

38 

21 

33 

31 

25 

50 

1-27 
3,16 



Not effective 

Not effective 

NOI effective 

Not effective 

Noi effective 

Treiul 

Nut effective 

Noi effective 

Effective 

Not effflctivo 

Effective combination 
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TABLE 11. SUidiKy of the Effacls or Prostanoids and of Thromboxane and Serotonin Inhibitors on Restenosis After Cumrmty Angifn itmity 

Number with Restenosis rales \%) 

PAlinnlic 

llurei'cocfl 



Kwzoai' el al. 12 * 
DeSeivi cl al. u:i 
Knudlson tit nl, 13 " 1 
Thromboxane inliibiiora 
Yubc et ft|. ,aa 
Unci ni al. ,M 
Bovo m al-'* T 
Scniiys ct a), 1 ** 
Foidinun ei al. 12 * 1 



Serotonin inhibitors 
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Hoik cl ill. 1 " 



Patients 
enrolled 



angiographic 
follow-up 
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107 
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1060 



43 
□7 
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93G 
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S3 
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01 
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£9 

3d 



Treated 
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27(proAtacyclin) 
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MLD 143 mm 
MLD 1.40 mm 
Low dose 25, high dosv 2fi 
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22 
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Trend 
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Trend 
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Not effective 
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repaiiud - 

Nut rtfjiurtivo 
Not effective 
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TABLE 13. Studios of the Effects of Calcium-Channel Antagonists and (i- Adrenergic Receptor Antagonists on Restenosis 
After Coronary Angioplasty 



Reference 


Patients 
enrolled 


Number with 
angiographic 
follow-up 


ftesienottb rates (%l 
Cuntrol Treated 


Agenl 


Conclusion/comment 


Corcos ct al VJ7 


92 


92 


22 


IS 


Diltiozem 


Nul efTcclivu 


O'Kccfc el al. lM 


201 


120 


32 


36 


Diltiaxcm 


Not effort lv» 


UnveiticulMn fit at.'* 0 


170 


170 


38 


21 


Diliiazcm 


Effective 


Wliitworth et al. w0 


241 


198 


30 


ZB 


Nifedipine 


Not effective 


Hoborg ct al,'*" 


19G 


172 


62 


56, unstablo angina 


Verapamil 


Not affccUve 








63 


38, slablo angina 


Verapamil 


Effective 


Johansson el a I. 1 4 3 


541' 


42B* 


SO 




No tiii, CC, 


Nul effective 










31 


Bfi, CC 












64 


No BB, CC 












39 


RB. CC 





Ail, Any 0-admpoi$ic blocking agant; CC, any CAlCium-channBl antagonist. 
'Number of procedures. 



TABLE 14. Studies of the Effects of Miscellaneous Agents on Restenosis After Coronary Angioplasty 

Number with Restenosis rales {%) 

Patients angiographic : " 

Reference enrolled lollow«up Control Treated Agent Cnncl us ion/comment 



Steroids 



Stone et al. 1 ** 


102 


54 


40 


36 


Prednlflone 


Not effective 


Rose et al, w 


66 


58 


33 


33 


Medroi 


Not effective 


Peplne el al. HC 


9lS 


510 


39 


40 


Prednisolone 


Not effective 


Lipid*lowcring agent* 














Hollman et al. 146 


55 


44 




34 


Lovastatfn + colestipol 


Not effective 


Sahni el all." 7 


157 


79 


42 


13 


Uovaatatln 


Effective 


Antl-mltorlc agents 














O'Keafe et al. l4tf 


197 


145 


22 


22 


Colchicine 


Not effective 


Thrombolytic agents 














Hainc cl al. WB 


199 


166 


38 


33 


Urokinase 


Not effective 
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The 03 Integrin Antagonist m7E3 Reduces 
Matrix Metalloproteinase Activity and Smooth 
Muscle Cell Migration 
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Abstract 

Treatment with c7E3(abciximab, ReoPro) has been asso- 
ciated with a reduction in coronary events and the need 
for revascularization. Some of these beneficial effects 
may be due to blockade of the uv(i3 integrin receptor on 
smooth muscle cells (SMCs), however very little is 
known about the mechanisms involved. The current 
studies were designed to test the hypothesis that 33 inte- 
grin antagonists inhibit the arterial response to injury by 
reducing matrix metalloproteinase (MMP) activity in the 
vessel wall. Male Sprague-Dawley rats were treated with 
daily intraperitoneal injections of the monoclonal anti- 
body m7E3ata dose of 6 mg/kg/day. MMP-9 activity was 
reduced by 73%, and MMP-2 activity by 75%, in the 
injured carotids of the m7E3-treated rats compared to 
saline-treated controls. By contrast tissue inhibitor me- 
talloproteinase (TIMP) activity was not changed. SMC 
migration assayed at 4 days after injury was reduced 
from 56.7 ± H cells/mm 2 intimal surface area in controls 
to 17.5 ± 5 cells/mm 2 in m7E3-treated rats (p * 0.02). 
Medial cell replication measured at 4 days and intimal 



cell replication measured at 7 days were not affected. 
Intimal cross-sectional area, measured 1 4 days after inju- 
ry was reduced by 28% after m7E3 treatment (p = 0.05). 
Intimal smooth muscle cell number and the ratio of inti- 
ma/media cross-section area were also reduced. By con- 
trast, intimal SMC density was not affected by m7E3 
treatment indicating no effect on matrix accumulation. 
We conclude that treatment with m7E3 reduced SMC 
migration following vascular injury, possibly via an in- 
hibitory effect on MMP activity, and this resulted in a 
decrease in intimal size at 14 days after injury. 

Copyright ©2001 S. Karger AG, Basel 



Treatment with c7£3 (abciximab, ReoPro) results in a 
reduction in coronary events and need for revasculariza- 
tion, with benefits extending long beyond the initial treat- 
ment period [1]. Although the antibody c7E3 Fab was 
developed to block glycoprotein allb/|33 receptors on 
platelets, and is used for its antithrombotic properties, it 
cross-reacts with other receptors including the av|J3 inte- 
grin present on the surface of vascular smooth muscle 
cells (SMCs) and endothelial cells [2], thus part of its ben- 
eficial effects may be due to av[33 blockade. The av|33 
integrin and several matrix ligands are upregulated in 
human atherosclerotic plaques and following experimen- 
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tal arterial injury [3]. This integrin may play an important 
pathophysiologic role, since results from animal studies 
indicate that ctvp3 integrin blockade inhibits neointimal 
formation after angioplasty [4-10]. The mechanisms in- 
volved are not entirely clear, however studies from our lab 
and others have shown that av{33 blockade results in 
decreased SMC migration from media to intima [8,1 1), 
increased cell death by apoptosis [9], and decreased mac- 
rophage infiltration [12]. 

SMC migration from the media to the intima is facili- 
tated by the activity of matrix metalloproteinases 
(MMPs) which are uprcgulated following arterial injury 
[13]. Recent studies including our own have implicated 
avp3 in the control of MM? expression and activity by 
vascular cells in tissue culture. We have shown that osteo- 
pontin stimulates MMP-9 and MMP-1 expression in 
SMCs via the ctvP3 integrin receptor [11]. Kanda et al. 
[14] have shown that a\'P3 is necessary to enable SMC 
proteolysis of, and invasion through a collagen lattice. 
Finally, avp3 binds active MMP-2 in endothelial cells, 
allowing localization of proteolytic activity to the leading 
edge of the migrating cell [15]. Although this work pro- 
vides important evidence, all of these studies were done in 
tissue culture and it is not known whether avp3 plays a 
role in regulating MMP activity in vivo. In the current 
studies we hypothesize that ctvp3 integrin antagonists 
inhibit SMC migration by reducing MMP expression and 
activity following arterial injury. 

We have used the monoclonal antibody rn7E3 F(ab')2 
(m7E3) (the parent antibody for abciximab or ReoPro) 
which binds to rat p3 integrin receptors [16], to block 
SMC and platelet P3 receptors following balloon catheter 
injury of the rat carotid artery. The response to injury in 
the rat model is characterized by adhesion of a platelet 
monolayer to the vessel wall within 8 h, followed by pro- 
liferation of medial SMCs which peaks at 2 days after 
injury, and migration of SMCs from the media to the inti- 
ma, with the first SMCs appearing in the intima 3-4 days 
after injury. Intimal SMCs undergo continued prolifera- 
tion and synthesize an abundant extracellular matrix, 
with maximum intimal thickening evident 2-3 weeks fol- 
lowing injury [17]. 

This study shows for the first time that treatment with 
m7E3 decreased MMP-9 and MMP-2 activity in the 
injured rat carotid artery and SMC migration from the 
media to the intima was also reduced. By contrast, SMC 
proliferation was not affected by m7£3. importantly, 
there was a significant decrease in intimal cross-sectional 
area 2 weeks after injury in the m7E3-treated rats. 
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Materials and Methods 

All chemicals were obtained from Sigma (St. Louis, Mo., USA) 
unless stated otherwise. 

Surgery and ml E3 Treatment 

Animal experiments were carried out in accordance with the 
guidelines of the Canada Council on Animal Care. A total of 68 male 
Sprague-Dawley rats (3-4 months old) (Charles River, Constant, 
Que., Canada) were used in aJl experiments. Balloon catheter injury 
of the left common carotid artery was performed as previously 
described [18]. Rats were anesthetized by intraperitoneal injection of 
xylazine (Rompun, 4.6 mg/kg body weight, Bayer Inc., Etobicoke 
Ont., Canada) and ketamine (Ketaset, 70 mg/kg body weight, Ayerst 
Veterinarian Laboratories, Guelph Ont., Canada). The left carotid 
artery was injured with a 2F balloon catheter (Baxter, Toronto, Ont., 
Canada) which was inflated and withdrawn three times to denude the 
vessel of endothelium. m7F3 F(ab')2 at a dose of 6 mg/kg body weight 
was administered once a day by intraperitoneal injection, starting 
18 h before balloon catheter injury, and continuing until sacrifice at 
4, 7 or 14 days after injury. Control rats were injected with saline 
vehicle. Blood samples were taken by occipital bleed 24 h after bal- 
loon catheter injury to determine platelet counts. 

To label all SMCs entering S-phase, a 50 mg pellet of 5-bromo- 
2'-deoxyuridine (BrdU; Boehringer Mannheim Corp., Laval, Que., 
Canada) was implanted subcutancously at the nape of the neck in 
rats 24 h before sacrifice (4 and 7 day groups). The rats were killed hy 
i.v. injection of T-61 which contains in 1 ml: 200 mg of N-[2-(m- 
methoxyphenyl)-2 ethylybutyl-(l)]-/ liydroxy-bulyramide, 50 mg 
of 4,4-methy!ene-bis-(cyciohexyl, t rimer hy lam monium iodide) and 
5 mg of tetracaine hydrochloride with dimethyl forrnamirie (Hoechst 
Rousscl Veterinarian, Regina, Sask., Canada). The carotids were 
Hushed with Ringer's solution (Baxter), then perfus ion-fixed at phys- 
iologic pressure with 0.1 mol/1 phosphate-buffered 4% paraformalde- 
hyde. In the 4 day group, a 1 cm length was excised from the middle 
of the common carotid artery and used for the SMC migration assay 
as previously described [19]. Briefly, the intimal SMCs on the vessel 
surface were stained with an antibody against histone Hi 
(MAB1276, Chemicon Inc., Temecula, Calif., USA). J he intimal 
surface was visualized by light microscopy, and the number of nuclei 
per square millimeter of intimal surface area was determined using a 
computerized image analysis system (Simple Image Analysis Soft- 
ware, Compix Inc., Mars, Pa., USA) In the 4-, 7- and 1 4-day groups, 
two- vessel segments 5 mm in length were cut 1 and 2 cm distal to the 
origin of the common carotid artery, embedded in paraffin, and 
cross-sections were cut and used for morphometry and BrdU label- 
ing. Values obtained from these two sections were averaged to con- 
trol for variability along the length of the vessel. SMC replication 
rates were determined at 4 and 7 days after injury by counting the 
number of BrdU-positivc SMC nuclei, and expressing this as a per- 
centage of total SMC nuclei in either medial or intimal layers of the 
cross-sections. Intimal and medial cross-sectional areas, the ratio of 
intimal:medial areas, total SMC number hi the intima and media, 
and lumen area and external clastic lamina perimeter were measured 
in arteries from the 14-day group using computerized digital mor- 
phometry with Simple Image Analysis Software. Intimal and medial 
SMC densities were calculated dividing total SMC number by cross- 
sectional area. 
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Platelet Deposition 

Platelet deposition was measured 48 h after balloon injury using 
scanning electron microscopy as we have previously described [11]. 
Platelet deposition was quantitated by counting the number of plate- 
lets per field in 5 nonoverlapping fields (magnification x 2,000) for 
each carotid. Two carotids per treatment group were analyzed. 

Zymography 

MMP-2 and 9 activity in arterial extracts taken 4 days after injury 
were determined by gelatin zymography as described in our previous 
publication [19]. The uninjured right carotids rrom each animal were 
used as controls. The gels were normalized by adding equal amounts 
of total protein extract to each lane. The MMPs on the gelatin zymo- 
grams were identified by their molecular weights, and by inhibition 
with EDTA or phenanthrol ine. Activity on the zymograms was quan- 
tified by scanning densitometric analysis of the bands using a Bio- 
Rad Gel 1000 documentation system and Molecular Analyst soft- 
ware (Biorad). Activity for each MMP in the injured carotids was 
expressed as the fold increase over activity in the uninjured control 
carotids. 

Tissue inhibitors of mctalloproteinases (TIMPs) were visualized 
by reverse zymography. Recombinant MMP-2 {Chemicon Inc.) was 
incorporated into a gelatin-containing polyacrylamide zymogram gei 
at a concentration of 0.13 ug/ml. Electrophoresis of arterial extracts 
was performed, then the gels were washed in 2.5% Triton X-100, 
incubated overnight in zymogram incubation buffer, then stained 
with Coomassie blue dye. TIMP activity was visualized as undi- 
gested bands remaining against a clear background. TIMP activity on 
the reverse zymogram was quantitated by scanning densitometry, 
and activity for injured carotids was expressed as the fold increase in 
activity over uninjured carotids. 

Statistical Analysis 

Values are expressed as mean ± SEM. Group means were com- 
pared by the two-tailed Student t test for independent samples. 



Results 

m7E3 Treatment Did Not Inhibit Platelet Deposition 
Since m7E3 binds to platelet P3 integrins, and some 
intact antiplatelet antibodies induce thrombocytopenia, 
we measured plasma platelet counts in blood samples tak- 
en 24 h after balloon injury. There was no significant dif- 
ference in platelet number between control/8 14 ± 31 x 
10 9 /l;n = 9)andm7E3-treatedrats(941 ± 4~8 x 10 9 /l;n = 
8) (p = 0. 1 1 ). The lack of thrombocytopenia was likely due 
to the lack of an Fc domain in the m7E3 F(ab'>2 antibody 
fragment. m7E3 treatment did not significantly affect 
platelet deposition on the vessel wall 48 h after injury. 
There were 466 ± 24 platelets/2,000 x field in control 
animals and 391 ± 57 platclcts/2 ? 000x field in m7E3- 
treatedrats(p = 0.177). 



m7E3 Treatment Inhibited SMC Migration and MMP 
Production in Injured Rat Carotid Arteries 
Migration from media to intima was assessed by stain- 
ing the SMC nuclei and counting the nuclei in the intima 
4 days after balloon catheter injury. SMC migration was 
decreased by 69% after m7E3 treatment, from 56.7 ± 14 
cells/mm 2 in controls to 17.5 ± 5 cells/mm 2 in m7E3- 
treated rats (p = 0.02) (fig. la, b). m7E3 was deposited on 
the luminal surface of the carotids in treated rats, and it 
stained with the secondary antibody used in this proce- 
dure, resulting in the appearance of particulate matter on 
the surface of the vessels (fig. 1 b). Rats treated with a con- 
trol monoclonal antibody showed SMC migration similar 
to saline controls, and also showed particulate staining on 
the vessel surface (not shown). 

MMP activity in carotid extracts was analyzed using 
gelatin zymography (fig. 2a). Several prominent bands 
were evident with molecular weights of 105, 88, 83, and 
62 kD, and a doublet of 72 to 70 kD. A faint band with a 
molecular weight of 37 kD was present in some but not all 
samples. By comparison with Western blots using anti- 
MMP antibodies, and comparison with previous studies 
by ourselves and others, we have determined that the 1 05- 
and 88-kD bands correspond to latent and active MMP-9, 
respectively. The 72- to 70-kD doublet, and the 62-kD 
band correspond to latent (doublet) and active MMP-2, 
respectively. The identity of the 83-kD, and the 37-kD 
bands is unknown. In the presence of SDS in the sample 
buffer and the gels, zymogen forms of the MMPs undergo 
a conformational change which exposes the active site of 
the enzyme, enabling the zymogen to digest substrate. 

There were no significant differences in MMP activity 
in uninjured carotids from saline- or m7E3-treated rats 
(data not shown). In saline-treated rats, the activity in all 
MMP bands was increased after balloon catheter injury 
compared to uninjured control arteries (fig. 2a). After 
m7E3 treatment, proteinase activity was decreased com- 
pared to injured, saline-treated rats (fig. 2a). Scanning 
densitometric analysis of the zymograms was performed 
and activity was expressed as the fold increase over activi- 
ty in the saline-treated uninjured vessels (fig. 2b). The 
decreases in the MMP-9 latent (85%), MMP-9 active 
(73%), and MMP-2 active (75%) bands were statistically 
significant. 

Three bands were evident on reverse zymograms from, 
uninjured carotid arteries, with MW -29, 28 and 21 kD 
(fig. 2c, lane 1) After injury, bands of - 31, 24 and 18 kD 
appeared (fig. 2c, lane 2). Based on previous studies and 
Western blots for TIMP- 1 and T1MP-2, the 28- to 31-kD 
bands represent differently glycosylated forms of TIMP- 1 , 
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Fig. 1. SMC migration 4 days after balloon catheter injury of the carotid anery was significantly decreased in m7E3- 
treated rats, a Migration was measured by staining the SMGs on the intimal surface of the carotids with an anti- 
histone antibody and counting the number of cell nuclei per square millimeter intimal surface area. Values are mean 
± SEM; n = 8 form7E3-treated rats, and n = 9 for saline- treated control rats, b Representative photographs of SMCs 
on the intimal surface of control and rn7 E34rcated rats stained with monclonal antibody against histone to label the 
nuclei. Note the presence of mitotic figures in the control vessels (arrows), x 600. 



and the 1 8- and 2 1 -kD bands are TIMP-^The identity of 
the 24-kD band is unknown, but may represent TIMP-3; 
however, no antibodies are available to rat TIMP-3 to 
confirm this. TIMP-l activity was slightly increased after 
arterial injury, but TIMP-2 activity was not changed 
(fig. 2c, d). Treatment with m7E3 did not affect the activi- 
ty of TIMP-l or TIMP-2 (fig. 2d). 

Medial and Intimal SMC Proliferation Were Not 
Affected by m7E3 Treatment 

SMC replication rates were measured in the media at 4 
days. and. the neointima at 7 days following balloon inju- 



ry. Medial SMC replication rate at 4 days after injury was 
3. 17 ± 0.89% in control rats, not significantly different 
from 4.2 ± 1 .0% in m7E3-treated rats (p = 0.41) (fig. 3a). 
Intimal replication was measured at 7 days, and was not 
significantly different between control and treated rats 
(p = 0.21) (fig. 3b). 

Intimal Area and SMC Number Was Decreased, and 
Lumen A rea Increased after m 7E3 Treatment 
Rats were treated with m7E3 or saline for 14 days after 
left carotid balloon injury, then morphometric measure- 
ments were made on tissue cross-sections. There was a sig- 
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Fig. 2. a A representative gelatin zymogram showing MMI' activity 
in rat carotid extracts obtained 4 days after balloon catheter injury. 
MMP-9 (105 kD latent and 88 kD aciive) and MMP-2 (72-70 kD 
latent and 62 kD active) are evident. Lane 1, standards; lane 2, unin- 
jured carotid artery from a salinc-lrcatcd rat; lane 3, balloon-injured 
carotid artery from a saline-treated rat; lane 4, balloon-injured carot- 
id artery from an m7E ^-treated rat. b Results of scanning densito- 
metry analysis of zymograms for MMP activity. Values for each 
band are expressed as the fold increase over activity of the band in 
uninjured carotid arteries from saline-treated rats, n = 4 for the con- 
trol group, and n = 3 for the m7E3-treated group. * indicates signifi- 



cant difference between control and m7E3-treated groups, c A repre- 
sentative reverse gelatin zymogram showing activity of TIMP-1 (3 
bands from 28 to 31 kD) and TIMP-2 (18 and 21 kD) in rat carotid 
extracts at 4 days after injury. Lane 1, uninjured carotid artery from 
saline-treated rat; lane 2, balloon-injured carotid from saline- treated 
rat; lane 3, balloon-injured carotid from m7E3-treated rat. d Results 
of scanning densitometry analysis of reverse zymograms. Values for 
each band are expressed as the fold increase over activity of the band 
in uninjured carotid arteries from saline-treated rats, n = 5 each for 
the control and m/E3-treatcd groups. NS = no significant difference 
between the two groups. 



Fig. 3. a Medial SMC replication rate 4 days after balloon injury was 
not significantly different between control and m7E3-treated rats, 
b Intimal SMC replication rate measured at 7 days after injury was 
not significantly different between control and m7E3-lreated rats. 
Values are mean ± SEM: n = 7 for m7£3-treated rats, and n = 6 for 
control rats at 4 days, n = 5 for m7E3-treated rats and n = 4 for 
control rats at 7 days. 
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Fig. 4. a Intimal cross-section area, b Number of SMCs in xhc inti- 
ma. c Ratio of intimakmedial area. All were significantly decreased 
in m7E3-treated rats compared to controls at 14 days after carotid 
injury, d Lumen cross-section area was significantly increased in 
m7E3-treated rats compared to con l ro Is. Values arc mean ± SEM; 
n = 8 for m7E3-treated rats, and n = 10 for control rats. 



Fig. 5. Carotid cross-sections showing de- 
creased intimal thickening in m7E3-treated 
rats compared to controls. Arrows indicate 
the intimal layer, x 400. 



nifieant 27% reduction in intimal cross-sectional area in 
m7E3-trcated rats vs. control rats at 14 days after in- 
jury (fig. 4a, 5). Intimal area in control rats was 0.096 ± 
0.009 mm 2 compared to 0.070 ± 0.008 mm 2 in m7E3- 
treated rats (p = 0.05). Intimal SMC number was also 
decreased in the m7E3-trcated rats (p = 0.05) (fig. 4b). By 
contrast, there were no significant differences in medial 



Table 1. Measuremeni of carotid cross-sec I ions 1 4 days after balloon 
injury 





Control , 

. ^ =;ip) ' : . 


m7E3' " : 

(rt = 9) } 




Medial area, mm' 


0.09810.004 


0.1 07 ±0.005 


NS 


Medial SMC number 


410±40 


423±20 


NS 


EEL perimeter, mm 


2.53±0.09 


2.50±0.08 


NS 


Values are mean ± SEM. EEL = External elastic lamina. 
m7E3-treated value is not significantly different from control. 


NS = 



Table 2. SMC density 1 4 days after balloon injury 



Control m7E3 
(n = 5) (n = 4) 


Intimal SMC density, cells/mm 2 
Medial SMC density, cells/mm 2 


10,568±652 I0,362±624 NS 
4,673 ±489 . 4 : 173±62 NS 


Values are mean ± SEM. NS = 
canlly different from control. 


m7E3-treated value is not signifi- 




cross-scciional area, nor medial SMC number between 
the control and m7E3 treatment groups (table 1). The 
ratio of intimakmedial area was significantly decreased by 
32% in the m7E3-treated rats (fig. 4c). Lumen area, as 
measured on carotid cross-sections, was 22% greater in 
m7E3-treated rats compared to saline controls (fig. 4d). 
Lumen area measured 0.29 ± 0.02 mm 2 in m7E3-treated 
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rats compared to 0.24 ± 0.01 mm 2 in saline controls (p = 
0,03). The perimeter of the external elastic lamina was 
measured as an index of vessel remodeling, but there was 
no significant difference in external elastic lamina perim- 
eter between the treatment and control groups (table 1). 

Finally, to assess whether m7E3 treatment affected 
accumulation of matrix in the injured vessel wall, intimal 
and medial cell densities were measured/Neither intimal 
nor medial SMC density differed between the carotids 
from control and m7E3-treated rats (table 2). 



Discussion 

In this study we have shown that m7E3, an antagonist 
of the P3 integrin receptor, inhibited the production of 
MMPsand dramatically reduced SMC migration into the 
intima. This inhibition of MMP production and migra- 
tion resulted in decreased neointimal thickening, and 
therefore increased lumen area in the carotid artery' at 14 
days after injury. 

Using gelatin zymography, we found that MMP-9 and 
MMP-2 activities were reduced early after injury in the 
m7E3-treated rats. The net amount of MMP activity 
depends on the balance between MMPs and their endoge- 
nous inhibitors the TIMPs. Both TIMP-1 and TJMP-2' 
were expressed in rat carotid arteries, and TIMP-1 activi- 
ty was slightly increased after injury, but neither TTMP 
was affected by m7E3. Thus the dominant effect of m7£3 
was a reduction in the net activity of the MMPs. Previous 
work has shown that both MMP-2 and 9 are induced early 
after arterial injur)' [19], and are required to facilitate 
SMC invasion through the medial matrix [20, 21]. Thus 
in the current study, the decrease in MMP activity in the 
m7E3-treated rats might explain the decrease in invasion 
and migration of cells to the intima. MMP-2 and 9 are 
secreted from cells in latent zymogen form and MMP acti- 
vation is mediated by the membrane type MMPs [22], the 
plasminogen activator/plasmin system [23], or. in the case 
of MMP-2, by binding to the avf33 receptor [15]. m7E3 
had a dramatic inhibitory effect on the active forms of 
both MMP-2 and MMP-9 (62- and 88-kD bands), suggest- 
ing that m7E3 may interfere with the activation process. 

We are the first to show reduced MMP activity in vivo 
following avp3 blockade. However, several tissue culture 
studies suggest that cellular interactions with matrix mol- 
ecules mediated by integrin receptors can regulate pro- 
teinase production. In previous work we showed that 
osteopontin binding to the av(53 integrin receptor stimu- 
lated MMP-9 and MMP- 1 synthesis [11]. Two other stud- 
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ies have shown that av|33 blockade inhibits SMC invasion 
through matrigel or type I collagen lattices., suggesting that 
protease activity may have been altered, although proteo- 
lytic activity was not directly assessed in these experi- 
ments [14. 24], Taken together, these studies suggest that 
av|33 may be an important receptor stimulating MMP 
, synthesis. This paradigm of av[J3 signaling for MMPs has 
been well documented in melanoma cells [25], Further- 
more, it was reported recently that m7E3 blocks tumor 
angiogencsis, another process that is dependent upon 
MMP activity [26]. In fact, integrin av03 plays an essen- 
tial role in angiogenesis by binding and activating MMP-2 
on the endothelial cell surface [15]. Taken together, this 
work indicates that avp3 integrins play an important role 
in regulating MMP synthesis and activity. 

Results from the current study confirm and significant- 
ly extend our study in which we used another antibody 
raised against the p3 integrin (Fll) [27] and observed 
decreased SMC migration from media to intima at 4 days 
after balloon catheter injury of the rat carotid artery' [11]. 
This study also supports work demonstrating a reduction 
in intimal thickening using other reagents to block the 
a\ 7 P3 integrin [3], and in addition is more comprehensive 
in the time course and the breadth of the endpoints which 
were measured. In the present study we examined the 
injury response over a 14-day time course, and saw a sig- 
nificant decrease in intimal thickening, intimal SMC 
number and intima:mcdia ratio with p3 integrin block- 
ade. In our hands, intimal thickening in the injured rat 
carotid is near maximal at this time point, but we cannot 
absolutely - exclude the possibility of further intimal 
growth at later times. Our results are in accord with a 
study showing inhibition of coronary in-stent restenosis 
following c7E3 treatment in baboons [28]. However, our 
findings contrast with a study reporting lack of effect of 
c7E3 post-angioplasty or stcnting in monkeys [29]. These 
contradictory findings may be due to differences between 
m7E3 and c7E3 : differences in dose and administration, 
or to differences between species. 

Our results provide in vivo confirmation of the many 
in vitro studies which have shown that c7E3 [24,30], and 
other avp3 antagonists reduce SMC migration [4, 6, 8, 
31-35]. However, the inhibition of SMC migration is 
probably not the only mechanism leading to a decrease in 
intimal lesion formation following m7E3 treatment. 
m7E3 treatment may have influenced apoptosis. since in 
vitro studies have shown increased apoptosis of endothe- 
lial cells and SMCs following avP3 integrin blockade [9, 
36, 37]. The amount of intimal thickening can also be 
influenced by deposition of extracellular matrix. How- 
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ever, we found no difference in intimal cell density 
between control and ni7E3-treated rats in our studies, 
leading to the conclusion that at least at this time point, 
m7E3 treatment did not affect matrix deposition follow- 
ing arterial injury. 

We cannot rule out the possibility that the inhibitory 
effects of m7E3 are mediated through inhibition of plate- 
let or macrophage function, since the antibody binds to 
platelet aIIb(J3 receptors and macrophage Mac-1 recep- 
tors [2, 38]. Fingerleet al. [39] showed that intimal forma- 
tion was dramatically reduced in rats made thrombocyto- 
penic by injection of antiplatelet antibodies. However, wc 
think it unlikely that rn7E3 affected platelet dependent 
responses in our model. First, we did not observe throm- 
bocytopenia after m7E3 administration. Second, there 
was no change in platelet deposition after injury. The rat 
carotid injury model is characterized by deposition of a 
monolayer of platelets within a few hours after endothe- 
lial denudation, and there is no further platelet aggrega- 
tion and no fibrin deposition [40]. Furthermore, the cur- 
rent data are in accord with previous work showing that 
7E3 inhibits platelet aggregation but not other platelet 
functions, such as adhesion to the vessel wall or matrix 
[41]. A very recent study reported that PDGF-BB levels in 
platelets and thromboxane A2 levels in the plasma were 
decreased in abciximab (c7E3)-treated rats, resulting in 
decreased intimal thickening after balloon injury, which 
the authors postulated was due to decreased thrombus 
formation [10]. However, these results are difficult to 
explain, because the dose of antibody used in that study 
(0.25 mg/kg/day) was likely too low to inhibit rat platelet 
aggregation. The Fab fragment of 7E3 (abciximab) has a 
much lower affinity for rat integrins than does the bival- 
ent form used in the current study [16]. In addition the 
abciximab is cleared much more rapidly in rats than the 
F(ab')2 version of the antibody used here [16], preventing 
it from being an effective reagent in rat models. Indeed, a 
bolus dose of abciximab as high as 20 mg/kg was shown in 
a previous study to inhibit platelet aggregation for only 
10 min [16], suggesting that the almost 100-fold lower 
dose given over the course of 24 h would provide little to 
no antiplatelet benefit. The authors did not actually mea- 
sure thrombosis and a large body of evidence indicates 
that thrombosis is very rare in the balloon-injured rat 
carotid. It is unclear why this study produced positive 
results, but it is unlikely due to a decrease in thrombus 
formation. Finally, previous studies have shown that very 
few macrophages infiltrate the injured rat carotid artery 
[42], so these cells are not likely to play a significant role in 
this model. 



Clinical studies with the murine/human chimeric 7E3 
monoclonal antibody fragment (c7E3 Fab, abciximab, 
ReoPro) show a reduction of iri-stent restenosis, ischemic 
complications, and late mortality after percutaneous in- 
tervention [43, 44], particularly in diabetic patients [45]. 
In contrast, specific anti-allbJD inhibitors such as eptifi- 
batide and tirofiban, which lack anti-avfJ3 activity, are 
less effective [1], These clinical results suggest that the 
<xv[33 inhibitory effects of c7E3 could be useful in prevent- 
ing the SMC response to restenosis. 

In conclusion, we have shown that administration of 
m7E3, a (33 integrin inhibitory antibody, was associated 
with a decrease in SMC MM? activity in the injured rat 
carotid artery. m7E3 treatment also resulted in a decrease 
in SMC migration from media to intima, and a significant 
decrease in ncointimal lesion development 2 weeks after 
injury. These data suggest a role for avfi3 and a possible 
mechanism for regulating MMP activity which is a neces- 
sary correlate of SMC invasion and migration. In addi- 
tion, the results of this study may he extrapolated to sug- 
gest that av£3 blockade could be used to inhibit MMPs 
and stabilize atherosclerotic plaques, but this will require 
further investigation in animal models and clinical trials. 
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^ after coronary intervention 

George Dangas, MD, and Valentin Fuster, MD, PhD New York, NY. 
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It has been aife^ 20 since the first report of 
percutaneous^^ CQropiary angioplasty 

(PTCA)^G interven- 
tional canliqlogy is widely apphed arid uses a broad 
range ;«£te^^ the sophisti- 

cation of the techniques, recurrence of coronary 
arterial stenoses requiring repeated procedures has 
persisted. 

DEFINITION 

the ^vessel lumen at 
; tiiej^ of 
caj^^ 

: ;che^^ The 
"ijqt^pii^^ 3 to 

4 roim^ is 
usiil^ can be 

defiiti^i^^ 

giog^ with 
>5(^:^ ; from 

the initial successfW result 4 - 6 Serruys etal. 4 defined 
theiw^ 

that exceeds the mean ^ standard deviations or 
0.72 mm (with 2;5% false positives) and show that 
^hemprey^^ 
icfen^^ 

achieved wi to theinterren^ 

parameter fat: restenosis regardless of the spedfi 

technique, implying that "bigger is better" 

PATHOGENESES 

The sequence of events that leads to restenosis be- 
gins with the arterial physical injury created by the 
balloon or other devices. Thereafter a complex cas- 
cade begins, involving inflammatory and thrombotic 
mechanisms,: intimal hyperplasia, and vessel recoil. 
The restenotic process has been described as similar 
to wound healing. A classification of the pathogeny 
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sis of restenosis into phases may apply on the basis 
of recent data: early elastic recoil (fibst day), forma- 
tion and organization of mural thrombus (first 2 
weeks), and neomtimal proliferation (fii^ 
Chronic geometric changes of the vessel occur at the 
same time. 

Early elastic recoil. The arterial stretch caused by 
balloon dilation is acutely followed by lumen loss. 
The mechanism has been attributed to elastic recoil, 
which occurs; within houra of 
and may be up to 50%.imii^^ 
dure. An eaily (24 
has been used; to prei^ 
rate of 73.6% for .tfce'iesH^^^ 
>10% (<W0%)^d<mly^ 
ished by <10%. >^ 
nificant role in late restenosis, 
vessel has not been severely 
mainly consists of smooth musde cell& Wh 
rial injury is severe, mural thrombus forraa^ 

Formation of mural tihromb^ ^ ^ 
ables that correlate with successful initial angio- 
graphic result (balloon size, inflatiim ypne^^ ^ 
time) cause deep arterial injury, resudti^in^ ! ^ 





wall from endothehumHteri^ 
tors (e.g., endtothehum^eri^ 
taglandin I2, plasminogen a<^ vatbr uWrntor 
sue-type plasminogen activator) and adlows platelet 
adhesion and aggregation with exposure to suten- 
dothelial matrix and collagen. Platel^liiiidifo 
adhesion molecules and subsequently degranulate. 
The final pathway of platelet aggregation involves 
the binding of the Eb/IIIa integrin to fibrinogen, von 
Willebrand factor, and fibronectin. 

Sequential development and lysis of platelet 
thrombus with fluctuation of blood flow has been as- 
sociated with the development of neointimal hyper- 
plasia in the dog model. Locally decrease bipod . jw 
and shear stress augment this process. TOe larger 
the postprocedure stenosis, the greater the Jhrn^t^; 
tuation leading to increased platelet adhesion tod 
intimal hyperplasia (hence the importance of ostial, 
angulated, and tortuous lesions). Therefore a heirio- 
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dynamically compromised initial outcome may trig- 
ger an unfavorable response as opposed to a minimal 
residual stenosis. 8 " 10 

Platelets de^^ of 
procoagulajat, y 
stanc^-^ 
growth ife^^ 
von WillebrancTfac^ 
fibronectin, f crt^ 
matibn of&&^ 

to the action of heparin (clot>bound and matrix- 
bound thrombin). 12 ' 13 The varying consistency of de 
novo atherosclerotic plaques reflects the composition 
of the surface exposed after PTCA. Thrombogenicity 
is highest on top of plaques with exposed lipid-rich 
core but also very high at the residual mural throm- 
bus itself. 6 

Mural thrombi appear to function as a substrate 
for emM 

eration: Tt^ fim be :Jtte^t^|kj^^i^y - 
by thrombin; platelets, ^ m 
and neutrophils ^ 
cent report l<x^^ 

at the site of thrombus fonnation and 
in unstable as oppo^ 
thrombus oi^anization involves bolii SMC 
tion arid extracellular matrix (ECM) synthesis and is 
probably related to all the previous factore, which are 
also involved in the third phase of the restenotic pro- 
cess. 

Nedntimal proliferation. This phase is predomi- 
nantly characterized by SMC proliferation and ECM 
synthesis at the site of the vascular iiy ury, thereby 
causing lumen narrowing. U t^ 
phase, SMC! activates in association with mural 
thrombosis and growth factors such as fibroblast 
growth factor, which is the most potent stimuli of 
SMC proliferation. PDGF and thrombin locally ac- 
cumulate in response to the ongoing thrombotic pro- 
cess. The multiple effects of thrombin oh the vessel 
wall may lead to the incorporation of the mural 
thrombus by connective tissue. Thrombin is achemo- 
attractant for monocytes and other inflammatory 
cells. Although thrombin receptor activity is confined 
to endothelium in a normal arterial wall* it is 
expressed in SMC and macrophage areas of athero- 
sclerotic lesions. 8 Thrombin may therefore be in- 
volved in plaque inflammation and fibrosis leading to 
mural thrombus organization. 

During the second part of this phase, PDGF (also 
expressed by macrophages and SMC) has been 
shown to induce SMC migration from the media to 
the intima, where the cells appear phenotypically 
different and proliferate under the action of basic fi- 



broblast growth factor (pFGF), insulin-like growth 
factor (IGF), epidermal growth factor (EGF), trans- 
forming growth factor 3 (TGF-p), and other growth 
factors and cytokines. 15 ' 16 Data obt^ed ^m tu^- 
tiple animal models have establish 
role of PDGF-BB (platelet-secretecfo 
tion. 17 i^£}^^C 

The third part of this phase involves intimal SMC 
proliferation, which decreases after 2 to 4 weel^ Any 
further luminal narrowing is from ECM p^uded. 
Whether the end of SMC proliferation i^dg^ejSffi^ 
rectly by their contact with the excess of ECM formed 
or by the regrowth of normal endothelium has yet to 
be determined. Reendothelialization can aclueye ni- 
tric oxide-mediated SMC inhibition and cessation of 
the ongoing vessel wall exposure to platelets and 
PDGF-BB. 8 

ECM is formed by SMC of the proliferative-syn- 
thetic phenotype, Probal^ 
the ECM of the restenotic fibnAUular^ 
from the atherosclerotic tissue, \tith preferent^CT^^ 
pression of the proteoglycan biglycan a^^ 
types I and ID in rather variable density and railo^f 
alignment 18 Proteoglycan produ<&on m^ 
volume of the neointima, andthe addition vfic^^^m^ 
may contribute to late vessel shrinkage at the site of 
the lesion analogous to the final wound retractioh. 
Collagen and matrix formation are thought tp be 
completed by die fourth month after the initial 
event, 3 ' s * 19 probably because of the contact with 
SMC. 

Geometric arterial changes. Hie vessel wall under- 
goes geometric changes in response to iiyury. In ath- 
erosclerotic vessels a chronic focal enlargement of .; 
the artery occurs in response to the plaque increase 
to preserve blood flow. 20 * 21 In'restenosis, the initial 
stretch leads to destruction of vasa vasorum (partic- 
ularly abundant around the atherosclerotic areas), 
possible hypoxia of the vessel wall, and compression 
of the media, resulting in SMC injury and increased 
DNA synthesis. 

Intravascular ultrasound (IVUS) has become an 
important means to understanding the concept of 
restenosis. IVUS imaging after PTCA has shown 
that there is more axial plaque redistribution than 
compression and that failure to cause any dissection 
leads to early lumen loss by elastic recoil (15% of 
cases). Mintz et al. 22 described that restenotic lesions 
lead to contraction of the artery, contributing to 66% 
of the late lumen narrowing. The same investigators 
also reported the residual plaque burden after the 
intervention to be the most powerful predictor of 
restenosis. 23 

Three types of lumen progression after the proce- 
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dure have been described: late lumen gain (with in- 
creased exter^ [EEM] diameter 
and smaller degree of intimal hypeiplasia), late lu- 

&n&^ ±50% 
increased in^ 

These cha^ may be 

ca|^ ^ ^ after 

the interanti^^^ architec- 
tute of the vessel wall. 

prediction of resteno^ 

Identifying the lesions that will result in angio- 
graphically significant restenosis may lead to an 
understanding of its pathogenesis. 24 25 The only 
clinical characteristics that increase the likelihood 
of restenosis are unstable angina (crescendo or 

wisul^^ 
the iwh^ 

assented witfr^^ra re _ 
^tshai^l^n 

reports have found an association w 
levels. 27 Hypertension, end-stage renal disease, 
and vasospastic angina may predispose to steno- 
sis. 

The M-HEART study used a systematic approach 
to identify anatomic and procedural factors associ- 
ated with low, intermediate/ and high incidence of 
restenosis. 28 Native coronary artery diameter and 
lesion length, left anterior descending or saphenous 
v ^gi^^ 

sis pit* Md postpnK^ure correlate res- 
tenosis. The low-risk group had a restenosis rate of 
20%, whereas restenosis in the high-risk group was 
61% (overall restenosis raite was 40%). 

Other studies have reported a higher incidence of 
restenosis for lesions located proximally, at a bifur- 
cation, or a bend. Unstable angina patients with 
complex lesions, intraluminal thrombosis, and re- 
duced Thrombolysis in Myocardial Infarction trial 
flow have higher restenosis rates than lesions with- 
out evidence of thrombus. 24 Another subset of pa- 
tients with high restenosis rates are those with 
totally occluded vessels. In a recent review of 2950 
patients with 3583 lesions and 266 tQtally occluded 
vessels, the restenosis rate was 45% for the totally 
occluded lesions (19% as recuirent total occlusions) 
and 34% for the other stenoses (5% as recurrent to- 
tal occlusions). 29 The variables associated with res- 
tenosis were the balloon inflation time and the pres- 
ence of thrombus. 



NEWER REVASCULARIZATION DEVICES 

The high incidence of restenosis with balloon an- 
gioplasty (40%) and its inadequacy for technically 
demanding lesions led to the development of newer 
interventional devices. Altih&u^^tt]^ 
more sophisticated approach to lesi<^ 
impact on the postprocedure restenc^ rate has not 
been made except with the use of intracoronaiy M 
stents. 6 ■ 

In 1964 Dotter and Judkins first suggested the use ^ 
of an endovascular stent, and the first intracoronaiy # 
stent was placed in 1987 by Sigwart* Tli^/aifiai^? 
use only for "bailout" intervention expanded 
positive results of recent trials. The BENESra 
trial in patients with chronic stable angina and a X 
single lesion showed an improved 6-month resteno- 
sis rate (22% vs 32%) and decreased need format ^ 
revascularization (10% vs 20%), at the expense of in- ':i 
creased peripheral vascular implications 
3%) because of the need for mnevaSuS^^^^^, 
lation in the stent group compai^mffi^eia^^ 
group. SimitoresultsW 
trial in patients with symptomatic coronaiy ort^f il 
disease. 31 " 

Conforming to the rule "bigger is bettei;"th^^^S^ 
achieved with stents was larger than iri titoi 
group and remained so at follow-up despite tie: 
greater late loss observed. The immediate postpio- ^ 
cedure elastic recoil is greatly reduced with stents x 
because of their rigid structure. 

Stents also cause some focal medial necrosis at the 
site of the indentation and mainly offer a geometri- 
cal support (scaffolding) to keep the vessel open. This f 
fraction has been studied with IVUS; w^ 
routineer after stent placement for praf^r^ 
and deployment 32 Apart from dimini^i^i^^ |f 
elastic recoil, stents eliminate chronic -^iB^t^^^ 
terial changes (shrinking). Stent restenosis "«ei^f| 
primarily caused by neointimal hyperplasia, Which %j- 
appears to be more pronounced in stent cases than 
other interventions. Besides the mechanical wall 
support, stents modify the restenotic process by pro- 
viding markedly increased blood flow to the treated % 
vessel. 33 ' ■% 

IVUS application for optimal stent deployment, | 
especially against eccentric plaques, ensures the 
elimination of any thrombogenic interspace (low J 
flow) between stent and vessel wall and may obviate 
the need for anticoagulation and decrease associate 
vascular complications but also affect the long-term ^ 
restenosis by allowing faster reendothelializa- > -M 
tion. 2333 This potential contribution of the postin- 1 
tervention IVUS result to restenosis is being evalu- vf 
ated in large trials. ;t| 
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ADJUVANT MEDICAL THERAPY FOR PREVENTION 
OF9^inE|^IS 

Systemic pharmacologic therapy. Multiple agents 
haVe b^li^ 

rized adon&w^ against 
the patii^ 

Anttorbrnb^ af- 
ter injiity is platelet-thro the 
denud^ endothelium with 
antiplatelet agents is reasonable. I^pyndaimole, 
ticlopidine, and thromboxane A2 inhibit^ 
have had negative results, and only the meta-anal- 
ysis of all the various aspirin trials was able to show 
a trend toward decreased restenosis, substantiating 
the current wide use of this agent 25 The prostacy- 
clin-analog ciprostene, however, has shown some 
initial positive results. 34 

platelet IH)/^ 
topharnmo^^ 

cause of immimogenic concerns) to a ch^mc 'fprai, 
•this antibody was used during PTCA ^ 
80% inhibition of platelet aggregation, ^ 
trial, involving 2099 patients imdergbing high-risk 
PTCA with primary end point being 30-<laiy mcijor 
coronary event rate, the chimeric monoclonal anti- 
body was administered as an intravenous bolus at 
least 10 minutes before the procedure/with or with- 
out a 12-hour infusion, in addition to aspirin and 
heparin therapy. 35 This trial showed significant re- 
duction in primary end points (13% placebo group, 
8% bolus plus infusion group), birt increased bleed- 
ing complications attribut^^^ to h eparin dos*^ 36 
The 6-month follow-up ciClii£3^^ 
creased rates iqff target vessel revascularization (17% 
ys 22%) and mayor ischemic events (27% ys 35%) fbr 
the bolus plus infusion group compared with placebo, 
respectively* 37 In all comparisons the group treated 
with only drug bolus had intermediate results; The 
potential mechanism of this antibody is the "passi- 
vation" of the cell surface at the time of the injury. 
Other Ufa/nia blockers (integrelin, MK 383) are cur- 
rently being evaluated. 

Heparin inhibits platelet function and SMC 
proliferation in addition to thrombin inactivation 
when bound to the cofactor antithrombin-III 
(AT-III). However, heparin has failed to show 
beneficial effects on restenosis, 38 possibly because 
of its inability to bind thrombin situated deeply in 
the subendothelium (supposedly important for 
SMC proliferation as well). The first drug to obviate 
the need for heparin during PTCA was the syn- 
thetic antithrombin bivalirudin (Hirulog) in 1993, 
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Table I. Therapeutic aims against pathogenesis of 
restenosis 



Response to 




vessel injury 


Targeted therapy 


Early elastic recoil 


Achievement of greater MLD 




stents 


Alurai inromuus 


Antithrombotic agents 


formation . 


Antiplatelet agents 




Vessel wall passivation * 




Rapid re-endothelialization 




Molecular therapy 




atnct control of diabetes (?) 


Neointimal proliferation 


Antiproliferative agents 


SMC Activation 


Molecular therapy 


SMC Migration 


Rapid re-endothelialization 


SMC Proliferation/ 


Vessel wall passivation 


ECM formation 


Omega-3 fatty acids (?) 




Local iiradiatioii/radioactivity (?) 




Local ACE-inhibitors (?) 




Strict control of diabetes (?) 


Chronic geometric 


Stents 


changes 


Achievement of greater MLD (?) 



which is currently tested for possible benefit on 
restenosis. Naturally occurring hirudin is more ef- 
fective than heparin in inhibiting mural thrombus, 
probably because of its smaller size and the feet that 
it can function without a cofactor." Hirudin use 
during PTCA showed a trend toward fewer peri-in- 
tervention ischemic events; however, the HELVET- 
ICA trial failed to demonstrate a benefit on resteno- 
sis. 40 

Low molecular weight heparin preparations (e.g., 
enoxaparin) are fragments of the usual heparin with 
slower clearance and increased activity for factor Xa. 
Despite encouraging animal data, these agents failed 
to show restenosis benefit in humans, possibly be- 
cause of the lower dose used. 41 A synthetic tripeptide 
(structure similar to fibrinopeptide A) has been de- 
livered locally with the hydrogel balloon and inhib- 
ited platelet-dependent thrombus in the pig model. 42 
A 15-nucleotide (ss-DNA) that has a specific direct 
thrombin-inhibitory effect is also being experimen- 
tally evaluated. 43 

Upid-lowering drugs. Intensive treatment with a 
cholesterol-lowering agent (lovastatin) after PTCA 
failed to show benefit on restenosis despite aggres- 
sive LDlrcholesterol lowering achieved. 44 Treat- 
ment with various doses of omega-3 fatty acids (fish 
oil) has been efficacious in multiple small trials, and 
a meta-analysis showed significant reduction of 
clinical and angiographic end points for restenosis. 25 
Larger studies are underway. These agents have in- 



432 Dangas and Fuster 
Table II. Local drug deliver systems 



Iontophoretic porous balloon 

Balloon with hydrophilic polyacrylic polymer Chydrogel) 
Infusion sheath 

Wo^i^sfiKr^te^ balloon 
C^nnel catheter ; 
Transport por^^ 
Dispatch catheter . 
I^eolytic system 

Microiiuector with retractable needles 
Balloon over a stent 

Ultrasonic energy and radiofrequency (local therapy) 
Stent-based applications 

Biodegradable drug releasing polymer stents 

Dacron stents 

Silicone stents 

Polyether urethane urea stents 

High molecular weight polylactic acid stents 

Removable stents (nitinol) with drug ehiting polyurethane 

coating 
fibrin-coated metallic stents 
Stents wfth geneUcalry modified endothelial 
Stents With radioactive substance 



hibited intimal hyperplasia in animals, possibly be- 
cause of seruin^ and decreased plate- 
let cqg^gatibn. 

AntJprolfferit^ mi _ 
gration and proliferation h^ effect in 

preventing r^DOHiB, Trapidil inhibits thrombox- 
ane^ arid a competitive^ 

The STARC trial involved 354 patient to 
100 mg three times daily of txapidil or aspirin begun 
at least 3 days before PTC A and continued for 6 
montti^ rest. 
en<^riite^ 

™-4ro,.aj»i^ which 
was statistically significant: The trapidil group had 
less unstable angina XI8% vs 31%) and Was also more 
angina-free (74% vs 56%) at 6 months. 

Angiopeptin is a somatostatin analog (cyclic oc- 
tapeptide) that inhibits IGF-1 arid fibroblast growth 
factor, it has been shown to limit myointimal thick- 
ening and restore vasodilafory response of the vessel 
to acetylcholine. Utis agent has been shown to lower 
the clinical event rate (mainly repeat revasculariza- 
tion) at 12-month follow-up after PTCA in a ran- 
domized double-blind placebo control trial of 553 pa- 
tients {28% ys 36%) l>ut without significant impact on 
angiographic restenosis. 46 

Vasodilators, Vasodilating agents have been tried 
without supportive data. Favorable trend toward 
restenosis prevention by calcium-channel blockers is 
only evident in pooled data. 26 Ketanserin, a seroto- 



nin receptor antagonist (inhibits vasoconstriction, 
platelet activation, and the mitogenic effect of sero- 
tonin on SMG) failed to demonstrate positive clinical 
or angiographic outcome 6 months afto^ 
a randomize trial. The a^ii^iii^^^^^ 
zyme inhibitors have beeh investip^ifi^p^af 
restenosis benefit Although d^ ^®^^t 
were promising, clinical trials had ne^tive results 
However, the doses used were ^srig^ 
than those needed to produce feyari^ 
animal models, and drug administration was initi- 
ated after PTCA. 48 

LocaI drug delivery. New delivery systems have 
been developed in an attempt to reduce restenosis by 
directly administering pharmacologic agents to the 
lesion that either cannot be delivered by othermeans 
or need higher local concentration, wWh would be 
impossible to achieve with systemic administration 
because of adverse side effects. St^^n^plip^ 
with various substances or g^neiac^ 
endothelial cells or processed -to ; loc^^^l^ 
dioactivity or radiation. w-~-*- *'"* 



-as 



out postprocedure anticoagulation 
ported to reduce subacute thrombosis raii^p^tlk 
noncoated stent placement after systemic antdo^ 
ulation Their effect on restenosis is airt^y^ 
ing evaluated in the BENESTENT II triaL ttai^ 
transcatheter delivery systems have also been de- 
veloped (Table II). 

Evaluation of all these new systems and devices is 
difficult because their failure may be caused by other 
factors, including the model selected and the intri- 
cate details of their tecluiical character^ 
rial size, prior injury, plaque thickness, andextent of 
disease differ in all experiments, Af]^ 
delivery system to the vessel wall inay caus^^in^ro 
but at the same time help eliminate anatt^p 
ers and increase the depth of drug diffusion Hi^^ 
atherosclerotic plaques appear nonpermeable, but 
their abundant vasa vasorum may facilitate local 
diffusion. 4 - 50 

Pharmacologic agents. Some agents failed to de- 
crease restenosis or had equivocal outcome in clini- 
cal trials despite promising results in animal models. 
Their failure in human beings was partly attributed 
to relative underdosage to avoid side effects. Drugs 
such as the angiotensin-converting enzyme inhibi- 
tors are now being tried in this field. Neointimal hy- 
perplasia appears to be the most specific target of lo- 
cal drug delivery because of the proximity of the 
event to the arterial lumen and therefore the cathe- 
ter used. The knowledge of how deep in the wall each 
drug needs to be delivered is essential at this point 
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Some authors have suggested that it is essential to 
achieve adventitial saturation for adequate impact 
on restenosis. 51 

The ^ cor- 
relates with th^ 

methods/ Their main advantage would fe ability 

fo integraite local dnigdeUv^ 

ization device. Anad<fc^ 

desirable jfcr loc^ dehyery is that ^nt 

caurte mainly atti^ 

through the metallic mesh, thereby isolating a spe- 
cific target for local therapy . Antithrombb^ 
^proliferative medications could be tried for local 
delivery, either with ratheter systems or 
In attempt to achieve optimal combination of safety 
and maximal efficacy every medication might be 
tried for both systemic and local delivery. However, 
reliably evaluation of the drugs themselves should 
foUo^ 

ing of the pathophysiologic charad^^ 
enosis, inyesta^to 
form it at thie mok^ 
therapy ran involve ^tt : |ijad^^ 
process. Endothelial ceUs/for example, can be engi- 
neered to express inhibitors (e.g., tissue-type plas- 
minogen activator). Platelet adhesion targets could 
be the integrins la-collagen and Ib-DL, and platelet 
aggregation can be inhibited by blocking the Ilb/IIIa 
integrin. Intimal hyperplasia can be attenuated by 
antibodies to PDGF and pPGF. 17 Antisense oligos 
target SMC proliferation, which is important for 
restenosis and occurs over a limited amount of time. 
Oncogenes and cyclins have b^n;^ 
cessfidly inhibit 

a late phenomenon, and agents such as interferon-ot, 
interferon-?, and HMG CoA (3-hydroxy 3-methylgl- 
utaryl coenzyme A) reductase inhibitors, or antioxi- 
dants could reduce it 52 

Lapofection is the achievement of DNA delivery to 
the target cell using cationic liposomes, which are 
positively charged artificial lipid vesicles with nega- 
tively charged DNA inside. The rate of transfer de- 
pends oh cell type and is facilitated by endothelial 
denudation and cell proliferation (high for restenotic 
SMC). The liposomes enter the cell by receptor-me- 
diated endocytosis. Reagents that inhibit lysosomal 
degradation increase the transfection rate. 

Viral vectors can be used for transfection. Retrovi- 
ruses lead to DNA integration in the chromosome 
and thereby increase the potential for insertional 
mutagenesis. In vivo transfection needs cell replica- 
tion and is inhibited by serum and complement Ad- 
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enoviral vectors enter the cell with receptor-medi- 
ated endocytosis and escape lysosomal degradation 
because of their capsid proteins. However, they have 
limited expression (3 weeks), probably b^u^^ 
death, cause Mlamm£^^ 
fecting potential of various 
liver). Their unique property of aVf^d^lly^diii^ 
degradation has been used in thefo^ 
transfecting complex, where the DNA is W^djto iii- 
activated adenovirus, which in turn ^^q^I^pfei 
ligand-like transferrin and allows the -txS^^o^^jB 
identified by the ligand receptor. ^a h^w j|^ 
tion virus of Japan has also been used for traticrfec- 
tion. 52 

Indirect gene transfer has been attempted with 
removal of endothelial cells, ex vivo genetic ^engk 
neering (e.g., for TPA expression), and reimplanta- 
tion either with stents or with balloon deyices.i*oly- 
mer gels with the hy£n^ 
periadventitial apposition have b^^ 

Gene therapy indudes two possible a 
The gene transferred either ieMlB^ 1 ^^^^^^^ 




Thus the desired effect is exerted in more cells) 
those actually tra^sfected Adenoviral 
been used for transfection of SMC wmtte ^^^- 
codmg herpes simplex virus thymidine kn^tse Al- 
lowed by gancydovir admimstration^ 
tively kills the herpes simplex virus thymidine ki- 
nase expressing cells and neighboring ceUs (innocent 
bystander effect). Insertion of a constitutively active 
negative regulator (retinoblastoma gene product) 
with an inactivated adenoviral vector has resulted in 
cell stasis. 64 

Antisense oligonucleotides are short segments of 
DNA that bind the messenger ribonucleic acid, lead- 
ing to inhibition of translation. An import^t liiinta- 
tion is the possibility for nonselective binding of 
other cellular proteins. Proto-oncogenes and cell cy- 
cle-regulating genes have been successfully inhib- 
ited in animal models, but negative results exist as 
well. 55 56 Aptamers are short DNA or ribonucleic 
acid strands that can bind specific proteins and suc- 
cessfully inhibit thrombin activity in vitro. 43 

The "Trojan horse" approach takes advantage of 
the expression of large number of cell surface recep- 
tors for growth factors by the proliferating SMC. Re- 
combinant fusion proteins made of a potent toxin and 
a peptide ligand-to-cell-suiface receptor (growth fac- 
tor) are available. The possible candidate for the tox- 
ins include Pseudomonas exotoxin, E. coli exotoxin, 
diphtheria toxin, and cholera toxin. The candidate 
for the growth factors can be EGF, TGFa, (3FGF, and 
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intoleui^^ toxin has 

b^iv ^ plaque 
outgro^ ^ proliferation. 57 

. are the 

and 



m 



sure Ve^l^^ 

l^H^j^y^ about 
these ^n^^ necrosed cells 

to p^nc^Mra^ro ofoell prolif- 

eration and their cutaneous photosensitivity (dose 
limiting). 

CoiKiusions. The high incidence of restenosis after 
coronary intervention has been disappointing. How- 

^^p^g^*^^ im- 

' ' is con- 

Y; 1 ^^^^^^^^^^^^^^, Given 
tii# fflg^ within 

^ may 
' ^ir^^ in 
all tiial^ 

loss may be a ^^m^ of the 

ultima^ encouraging 
data fnm 

ati^e therapy offer a i^csw window of opportunity 
for a breakthrough in pha^ 
ing restenosis. For the first time an interventional 
device (stents) has proven efficacious in late patency, 

^^a^j^^^i^^ insight in iraten^ 

vascu^ ; ultrasound imaging may better define 
predictors of restenosis. Several unresolved issues 
exist in the molecular aspects of restenosis preven- 
tion. The exact implications of the intinial and 
medial necrosis are not defined, and whether how 
much of this action may actually be too much is un- 
clear. Because we are actually inhibiting the normal 
protective vessel reaction of healing after injury, the 
effect could potentially ba deleterious, especially be- 
cause the risk to benefit ratio we offer is rather nar- 
row thus far. Inherent to this are the issues of who 
to treat and the need for predictors of restenosis. Af- 
ter all, it would seem unreasonable to expose all an- 
gioplasty patients to possible risks these new ap- 
proaches may carry. 

SUMMARY 

Coronary restenosis has proven to be the "Achilles 
heel" of percutaneous coronary interventions, fire- 
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quently leading to repeated procedures. The patho- 
genesis of restenosis can be divided into four phases: 
early elasic recoil (hours to days), mural ti^i^us >g 
formation (hours to days), neointimal proliferation 
and extracellular matrix formation ^ 
chronic geometric a^n^d^ra^^^^ 
enosis is device rionsptSffi 
stents, which can elimirmte elastic r^^ 
geometric vessel chan^s^j^ 
enosis. Of all antithrombotics ':ixiii^ 



ibpucstned so fei^M^toS?| 
inhibitor of the platelet Ilb/IIIa in^ 
lead to early vessel wall passivation, h^ 
duction of clinical restenosis. Trapidil (ajitiprolife^ 
tive agent) and angiopeptdn (somatostetin ana<)g) 
have also resulted in improved restenosis r^t^^^ 
field of local drug delivery is currently un 
tigation in association with radiation hr l^^yfer 
therapy. The current specific target of these ap^ S 
proaches is the neointimal praliffr^ 
because this is the mo st doming 



novel methods is com 
ery system with the thieiBj^^ 
However, they provide 'the 
and timely interruption of the ^ 



that may lead to better understanding anr^ 
mately, elimination of restenosis. 
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^leukocyte inte#in^ 

* and soluble ligandS including intercellular adTKesiori ' 
molecule- 1, fibrinogen, iC3b, and factor X. However, 
experiments with Mac- 1 -expressing transfectants, puri- 

?fied Wac^i. and mAtis (o^Mac-I irtdicate fhf existence 

# of additional ligands. I n ih is pape r , we demonstrate a 
^direct interaction between Mac- 1 and'hepprjan sulfate 
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press Ma&l bird 
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glycans. Hepafrin affinity resins itnmun 



I 
I 



I Mac- 1 , aiid neutropKils ? dhd transfecl^nt clells that ;e j£ | 




not to other sulfated |lyW 
studies with mAbs anflch^ 
heparin suggest the I domain as a recognition site on 
Mac-1 for heparin, and suggest that either N- or O-sul- 
fatiorijis sufficient for heparin^o'bind pff^ienUyytp V ^ 
Mac4,Ut\der condition^ 
heparins and E-seleqtin are 9051^^ 
tethef; to E-selectih and fprrniirtn adhesiq^4hi^gh a c*v^ 
Mac Ir-heparin interaction* > ; ; ■---■^^] --r^'r..;- ibvt V- • 
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"n many immune responses, neutrophils are among the 
first cells to exU from the circulatory system and traf- 
fic to an inflammatory site. For this to occur, ncutro- 
^phils mustm^^ 
| pedese, and migrate;' Over the past; (e^eaf^ 
% families of surface "receptors 'ton the ipeitrbphll^nd en- 
? dothelial cell surface that facilitate movement :front : the 
I bloodstream have been identified- ^ 
- attachments that allow neutrophil rolling on inflamed en- 
dothelium (1 1. 66). G-protfcin-rcpupled receptors bind spir: 
uble inflammatory molecules;<25,6^),iand signal integrins; 
V. to strengthen attachment to endothelial cells; and initiate 

movement to the underlying tissue^'^ 
I neutrophil migration to ithe-ni^ A 
-chemotactic gradient of soluble brhetHered inflammatory 
peptides or lipids augments the adhesiveness of surface re- 
ceptors and reorganizes the cytoskeleton. To mpy^direc- 
tionally, neutrophils adhere transiently to moleculesin the 
extracellular environment: although the matrix contains 
an abundant number of adhesive proteins, proteoglycans, 
and carbohydrates, it is unknown which participate in 
chemotaxis. 

.. The leukocyte intcgrins comprise a subfamily of related 
cell-surface glycoproteins that coordinate adhesive func- 
tions including leukocyte migration (12. 65). The members 
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M of this* family include lymphocyte function-associated anti- . v 
gen- 1 ,(GP 1 1 a/CD 1 8), Mac-L (CD1 lb/qpi8) and.pl50,95 ; . 
(GDllc/iCDL8)/They shar^va common^ s^unitUhaiJs^u 
noncovalently associated >vith unique, but jqlos^ly r^lated,^ , 
a^subunits^). .T$e a-^Mbuntt§ share $wo&atures in^ir^ ^ 
extra&lfular region, 9 ; 206^mmQ acid inserted vl^bmmnbi^ 
and tliree tandem fEF handlike v putatiye r :diyklejritnC^tlQn.< t : 
bindirig, repeats (32).' .-. : - : ^.^^^-r' 

Mac-1 is expressed primarily on myeloid, oells- Expert 
ments with blocking mAbs and with .neytroph^ 
patients, with a geneiic deficiency ofcleu^pcyt^ iirtegr ( ini^^ 
demonstrate a role for Mac-1 in an array.pf; adhesive, jnfer ; - • : 
actions that include myeloid ^UjadhesipnAtp^and 4^ 
gration across, endothelium or epithelium. neutrophiLhc^ ,% 
motypic adhesion and chemotaxis, myeloiri^jlvadhesip^.vt.. 
to senim-coated substrates, and the binding and . phagocy-t ; ^ 
tpsis of Opsonized particles (4, 8.52, 54, (53^?2)v Mac^l sus^^ t 
tains these interactions by binding to several cell surface / ; 
and soluble ligands including intercellular adhesion mole- 
cule (ICAM)-l >, fibrinogen, iC3b, and factor X (1, 2, 8, 19, 
63, 72, 73). Recent experiments with mAbs, integrin chi- 
meras, and soluble protein fragments define the 200- 
amino acid I domain on Mac-1 as a recognition site for at 
least three of its ligands (21, 70, 75). 

Although these four ligands subserve many Mac-1- 
dependent adhesive functions, they do not account for the 
entirety of its adhesive interactions. For example, a recep- 
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t. Abbreviations used in this paper. fMLP. formylmethionylleucylphenyl- 
alanine: 1CAM. intercellular adhesion molecule: LAD. leukocyte adhe- 
sion deficiency. 



© The Rockefeller University Press, 0021-9525/95/09/1473/10 S2.00 

The Journal of Cell Biology, Volume 130. Number6, September 1995 1473-1482 1473 



tor on resting endothelial cells and epithelial cells that lack 
ICAM-1 has been suggested, but not yet identified (19 t 39, 
52). A counterreceptor on neutrophils that participates in 
Mac-l-dependent homotypic adhesion remains postu- 
lated, but uncharacterized (4, 54). Finally, the chemotaxis 
of neutrophils requires Mac-l f but no extracellular matrix 
ligand has been documented. Several groups, including 
our own, have attempted unsuccessfully to raise blocking 
mAbs or to identify novel cDNAs that confer adhesion to 
purified or cellular Mac-1. Moreover, a recent study sug- 
gests that the adhesion of bone marrow cells to stromal fi- 
broblasts may occur, in part through a heparan sulfate in- 
teraction with Mac-1 (13) In this report, we document 
heparin and heparan sulfate as glycosaminoglycan, adhe- . 
sive ligands fpr the leukocyte intern ^acrl. Using cj^ta 
from static and shear flow adhesion assays, we suggest . 
novel adhesive pathways through which Mac- 1 -heparin 
! interactions may.mediat^ 

^irculatopf system ;to an inflanwato^ r 
Materials and Methods 



Glycosaminoglycans 



High moteculur weight (mol wt « 13.01)0-15.000) porcine intestine mu- 
v.cosaj heparin and low molecular weight (molrWt .000) Wineinteiinne 
. muci*a) heparin were purchased from Culbtochcm Corp* ("Up. Jolla, CA ). , 
Chemically modified forms of heparin were orHuinedi^mi Seika^iiiiii 
Koygo Co. (TokyoJapun). Heparan sulfate (mol wi V7.500) from bovine 
intestinal mucosa, keratan sulfate from bovine cornea, und all form? or 
shark cartilage chondroitin sulfate (A. B. C) were purchased from Sigma 
' Chemical Co. (St. Louis. MO). , 



mAbs ■ 

The following mAhs were used from ascites: TSI/22 (uhli-CDIIu) {H))r 
Mn4l (unti-CDIIh) (22). LPMlVe (ariti-CDIlb) (ft^-Wii (anti-CDtib) ; < 

' (5>ij>6KM9 (antKDIIb) (72). TMG-65 (nnli-CDIIb^(6UVJ4BfiE ; 2 
^anti-CDilb) (rW). the CBRMI series (ami-CDI lb: Ml /I, -W 1/2. M&/4. * 

JAW;mf\ii Ml/13. MI/lfilMI/17. MI/lK miAm 
MI/24/MiaVMI/26. Mj/27; Ml/2K. Ml/29. MI/.10. Ml/.ij.M 1/32. Ml/33. 
Ml/34) (21). CBR P I50.95/4GI (anti-CD I lc) (67)/ ahuf TSI/IH (&nti- 
CDIK) (60); The following mAbs were used us purified igG: W6/32 (^li- 
HLA A. B. C) (7). OKMI (anti-CDIIh) (72). LM2/I (anlUCDIIb)<45) 
W5 7 ; (ami-CD18. a gift of Dr. R; Rothlein. Boehringcr Ingelheim Ltd.. 
Itidgeneld; Ct) (23), and DREG 5* <anii-L-selectin, a gift of Dr. t l^h- 
irrioto. Boehringcr Ingelheim Ltd. ) ( 33 ). - ■ i> 

Tissue Culture, Transection, and Cell Preparation $ - >^ 

Peripheral blood neutrophils from healthy volunteers or patients with ieii- 
ke<yte adhesion deficiency (I -AD) were isolated from whole Venous ^ 
blood by dextran sedimentation. Ficoll gradient ccntrifugation. and hypo- 1 • 
tonic lysis (46). Before experimentation, cells were maintained at room 
temperature in HBSS. 10 mM Hepes. pH 7.3. and I mM MgCI* in polypi , 
pylene lubes (2tW7: Falcon Labware. Becton Dickinson & Co.. Lincoln 
Purk. NJ). In some experiments, neutrophils were maintained in HBSS. 10 
mM Hepes. pH 7.3. 1 mM MgCI : . and I mM CaCk 

CHO cell stable transfectants that express Mac-1. pi 50.95 or ICAM-I 
have been described (21). These cells were maintained in u-MEM. 10% 
dialyzcd FCS, 16 u.M thymidine. 0.05 u.M methotrexate. 2 mM glutamine. 
and 50 u.g/ml gentamicin. 

Protein Purification and SDS Gel Electrophoresis 

As described (5 1 ). the procedure for isolating cytochrome b559 and Mac- 1 
includes soluhitizing stimulated granulocyte membranes in 2% /i-octyl-0- 
D-glucopyranoside followed by passage of the detergent extract over a col- 
umn of wheat germ agglutinin-Sepharose 4B. After washing, the bound 
proteins were eluted from the wheal germ agglutinin-Sepharose 4B with a 
membrane resuspension buffer (100 mM KG, 10 mM NaCI. 10 mM 



Hepes. pH 7.3, I mM EDTA, I mM PMSF, 10 u.g/ml chymostalin, 200 
mM /V-acetyl glucosamine, 200 u-g/ml chltobiose, 0.4 M NaCI, and 0.2% 
Triton X-100), The cluate was concentrated and diluted 10-fold to reduce 
the salt concentration to 50 mM, and passed over a 5-ml column of hep- 
arin-UHrogel (LKB Instruments Inc., Bromine, Sweden). Cytochrome 
6559 and Mac-1 were eluted from the heparin column with a gradient of 
increasing Nod containing 0.1% Triton XOOQ. Peak heparin eluote frac- 
tions were subjected to SDS-PAGE on linear polyacrylamide gradient 
gets (0-16%) followed by either staining or electrophoretlc transfer onto 
nitrocellulose as described (51 ). 

The purification of Mac-1 by LM2/1 immunoaffinity chromatography 
has been described (19). Approximately 2-5 ng of purified Mac-1 In 300 
mM NaCI, 50 mM. iriethaitolamine, 0.1 M Tris. l?M-octyl-M-glucopy- 
ranoside, pH 8.0, was diluted 204bld with 10 mfyTHepe^ pH 7.4. 0.1% 
Triton X-100,35 mM NaCI. and incubated for 3tfaWc With ¥ittier50 ixl 
of heparin^UUrogeTtor; as a controWltrbgrel aloneV After washing with -40^ 
mM NadiJOjnM TCCtt IO;mM;HepesiipH"7:4;0;l^<Triton^ ; 
beads were, ^ie|:foriI bj 1 4fC wi* A5 : ml of Nag; jWmM^ 



Static Adhesion Assays 

The neutrophil binding attsay wuh baaed on a previously published proto- 
col (20). Purified heparins (5 mg/ml In PBS), chondroitin Nulfulcs (A, 13. or 
C. 5 mg/ml in PBS), or fibrinogen (2 mg/ml in PBS: Slgmu Chemical Co.) 
we«'sw)ited^25W);(»nttV6fem petrl dishen ( KKI7-. FisihOr Sclcn- , 

tlfic Co.. I'itlsburgh. PA) for «0 mtn at nw»m temm:raiure. PnMcin or glv. 
wsHminoilyfciin:>us rcmoyeU;ahd |hc with the deter- ' 

gent 'nvctmJiK-Neuir^ x it^ceils'ih I J ml| were resu^n^ 
; H BSS; t O.fyM 5 Hepes. pH XK I'mM MgCI : . and 'for .sojnc ^ experinienls; - 
preincuhated with mAtw ;( l/2«i^iiuiiob>if ascites or 20 itg/m| purjljcif 1 
mAb) or With soluble glyeosaminoglycun (or 15 min at riumi tempefu'iure. ' 
In some oxjwriments. I mM Cad 2 was i(dded lo ^he ^ rtBSS bihdingbufTer. ' 
SHbseiiuenUy, : -ceilsywerc added Ui thi pi'tri dishes in trie' presence of 4 
formyimethiotlyllttucylp : W (10 7 M. final volume of 3 

ml) and allowed to adhere for 3.5 min. Nonadherent cells were removed, 
and binding wasTquantitoted as described (20.21)/ ' - • ■ 

The binding .o/ CHQ cell transfectants is a modification t)f a preyiqusty . - 
;describolnniUK^ 

.to 6-cm petr Ldishes. After a y0-min incubation at room t^rwraJure. nori- >\ ? 
specific bijuirig sites .w«re>Mic|u»l^itK t\i)M heal ^treated iBSA «)lmion ? 
(PBS. I mM M^I,; i).025% Nar^,). CMO cell tran^ 
meni from tissue culturcplui es wiiK-HBSS; 10. mM Hepesi pH 5 mM r 
J EDTA. were>>vashed twice.; resusperitled (K Kl^ells/mf) in HBSSi m% ! 
mM Hepes*p,H^ v 
?lycosaminogjycan : contcd pctri dishes. 'for 2(1 min at room iemr^riture. 
Nonadnercm ^ells were removed, and. binding was quantilateii as de- 
scribed (2t):..frt some experiments, tjho number of nonviable, adherent 
•transfectan^^asidetermined by staining with PBS. 11.4% trypan blue and 
. this value was subtracted; . 



laminar Flow 

Purified. heparin mg/mi) or heparan sulfate ( 10 mg/ml) was spoiled on. > 
a bacterial petri dishes (NuncJnc* Napervjile. 1L) and blocked with Tween. ■ 
.20 as descried above. Cqnlrpl substrates were prepared bv blocking 
dishes solely, wJi^Twcen : 2(»;;Soluble recombinant E-sciectin (36) (a gen- 
erous gift of br; R. Lobb. Biogen, Cambridge. MA) was diluted (0.4 u.g"/ml 
in 50 mM NaHCO,. pH 9.1 ) and absorbed on bacterial petri dishes for 2 h 
at room temperature. The substrate was washed twice with PBS. and hep- 
arin (5 mg/ml) or control PBS solution was adsorbed onto the E-selectin- 
coated substrate for 10 h at room temperature. The substrate was then 
blocked with 0.2% Tween 20. PBS for 60 min at room temperature. 

The laminar flow assays were performed in a parallel wall flow cham- 
ber as described previously (35. 36). Briefly, a petri dish slide on which pu- 
rified heparin, heparan sulfate, and/or recombinant E-selectin had been 
absorbed was assembled as the lower wall of the parallel flow chamber 
and mounted on the stage of an inverted phase-contrast microscope (Dia- 
phot-TMD: Nikon Inc.. Instrument Division. Garden City. NY). Cells thai 
tethered or arrested were quantilated by analysis of images videotaped 
with a video camera (TEG470 CCD: Optronics Engineering. Ooleta. CA) 
and Hi 8 recorder (CVD-1000: Sony Corp.. Park Ridge. NJ), Peripheral 
blood neutrophils were resuspended (5 x 10* cells/ml) in binding media 
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(HBSS, 10 mM Hepes. pH 7.4, 1 mM MgQ 2 . 2 mM CaClj). in the absence 
or presence of IL-fi (50 ng/ml, Genzyme Corp., Cambridge, MA) and im- 
mediately perfused through the chamber at different flow rates to obtain 
the indicated shear stresses at the chamber wall. In experiments with a sin- 
gle divalent cation, neutrophils were washed in HBSS, 10 mM Hepes, pH 
7.4, 10 mM EDTA and resuspended in HBSS. 10 mM Hepes. pH 7.4. 2 

mMCaClt. , , . , 

For mAb inhibition studies, neutrophils (I0 7 cells/ml) were incubated 
in HBSS, 10 mM Hopes. pH 7.4 for 5 mln at room tempers! ure with 30 ng/ 
ml of purified mAbs (CBRM1/29, DREO-56. W6732) or a 1:30 dilution of 
ascites (CBRM1/34). The cell suspension was diluted in a 20-fold volume 
of binding media and immediately perfused into the flow chamber. In 
. some experiments, to assess the requirement of active metabolism on inle- 
; , CgnWinediated adhesion, cells were preincubated for 5 min In binding me- 
* v ; * dja supplemented with 0.5 % NaNj. :' 

heparin or cpntrol^ulbstraje> sutehydologic 




Figure i. immunoblotting and SDS 8-16% gradient PAGE of 
Mac-t purified from detergcnt-solubilized granulocyte lysates by 
immunoafnnity or heparin affinity chromatography. Lanie /, 



UaK ^;ro^S : w»THmta of 14.6 dyn/cm:Jn 2-2..^fpJd iocrjjnie.o^ttnrt the num, 

.. \. mined. '''' r ^"\ y -} r ■:.']' : . ; '.'."A : f . . 

; NeutrophllUelhcrinp Uv E-se!ccU^ 
. urini wus performed under nfiyMii^ «" d the 

rate of cell tethering (number or events liiHiing nl least 2 H/mln per 0.43 
mnv field! wan determined. No tethering wan observed under these condi- 
tions to substrates coated with heparin alone. Rolling velocities of neutro- 
. ••; -a- * vphilsM3tH^vpt!r field) thm jiethe.ryd^unu^r^l^ Avert\.de|ermined=ui n 
shew stress of t 5 dyu/cnv by cell displacements measured over 5-s inter- 
. .vols. Por comRiristin or effects of mAhsor ^emicnl treatments, identknl 
A fieWs>ere:used for binding experiments toiensure; that results reacted 
• ; v. • ..uniformslto/^mity of inimobitlifod adhesive' molecules; rV'^.y rV.-.'iv 'u : 



^PreyioiKix, vvc identified ICAM-1 on^^ 
.•; counteireceptor for Mac-l (19). in the;cburs^ bf these ex- 
pcrirnents, we observed that unstimulated endothelial cells 



Hi 



mAb; f(lir^2/) J tiffing 

negativccontrol mAb; and visaalizcd with ^ 
. goat antl^duseiWtfdm^ 

of the. pcuit heparin eluatc fraction from the purification of|ran- : . v 
ulocytc cyuichrp f ntf^^ 

ullxcd wiib c pcMi lane 4. 1 

CoomuHsie slain of SDS-PAOE of peak heparin cluate fraction 
shown as an immunoblot in lunc lunes 5-A; silver staining of re- 
duced SRS;RAGE o/;purifk^ 

from heparin-Ultrogel (see Materials and Methods): lane 5, Mac- 1 
cluted (4t» mM NaCI) from- hcpnrir^Ultrogd: showing the char* x 

ucAtVHsttc'iiSn '-aniir"4ai : '-kD -aubiin'its: -"laiic 'ft; .SDS f ^«^tWalten;bf J " " 
heparin-UlirrigW 

strriling miritmalvrcsidual iritegrin on the matrix; lane 7, Control ~ 
high salt (AOO.mM. NaCl) eluatc from Ultrogei>fler incubation; 
with purified Mac-1 1 demonstrating o lack of nonspecific binding 
of the two subunits pf Mac-I; lane ^. SDS denatUTalion of the; til- 
trogel matnxifler high saluel^ 
tegrin on the matrix, . ^ : ^ 



stVe^nbt^n e^ Suhse^u^tly^e 
found Several n^esenchymally ;denved tumor^ceir lines 
^.0U&tyS arid FS 12/3) r that lacfebr^ad low:expression 
of IC^-I, lCAM-t artdlGA^3;(t5^ 
strongly to purified Mac-1 (Diamond^ Ivl. S.; and I 4 .' A. 
Springer, unpublished observations);. Because, we were .un- 
able to done a ^ cdNA or ^ thake futidii6n*locking antibodies 
against this putative ligand, wc? hypothesized a highly con- 
served mttleculev^ 
; fialylatW-'«rltehijidrai& 

in cell adhesion " lira trie exiraceltalarmatrix arid^h the cell 
surface, 4 ; * i; ^ " ; ' '"; f if*. .. f ^ " 

While purifying cytochrome l$S%1fRm.^lubiKKd gran- 
ulocytes, a "contaminating" IfSO^cD* protein was observed 
that elutcd from a heparin affinity resin under conditions 
of moderately high ionic strength (250 mM NaCi: Fig. I. 
lane 4) (51). Because of the similarity of molecular weight 
to Mac-1 , this eluate was immunoblot ted. Both mAbs (Fig. 
1, lane 3) and polyclonal antisera (data not shown) against 
CD1 lb identified the 150-kD protein as a subunit of Mac-1. 
Additionally, functionally active Mac-1 binds to immobi- 
lized heparin directly; Mac-1 purified by immunoaffinity 
chromatography (19) is reprecipitated by heparin-UItrogel 
(Fig. 1, lane 5), but not by Ultrogel alone (Fig. 1, lane 7). 
Scanning densitometry showed that 73% of the purified 
Mac-1 bound to Heparin-UItrogel (data not shown). 




sioh •to^di^fferentipurif^ed glycosaminoglycans. Renting, 
neutrophils :birjd:weakly. tO:both)lpw :(mp 
high (mbl wt^^ forrns^f 
heparin, but hbt \o chpridroitjn';sttifai^ 
and data not shown). 0 $ljmulat^ 
peptide fMLP enhances adhesion of \ite^^^ldlsj.9 .hep- 
arin* but not vtpicbond^ 

ments, an equivalent numbenof act iva ted. peutrpphils bind 
to ICAM-1 ani^brindgen^data^np^ 
that Mac-1 on nwtrophiis.mediatesft^^^ 
arin, we tested neutrophils from patients who have the ge- 
netic disease LAD which: ^ 

Mac-1 on leukocytes (3). LAD patient-n^i^Hils'dtf-ndi 
adhere to any form of heparin or chqndroitin sulfate in the 
absence or presence of fMLP (Fig. 2) or in buffers that 
contain only Mg? + or both Mg 2+ and Ca 2+ (data not shown). 

Inhibition experiments with mAbs sustain the role of 
Mac-1 in neutrophil adhesion to heparin. Blocking mAbs 
to Mac-1 (LPM19c) but not to LFA-1 (TSl/22), pl50,95 
(CBRpl50,95/4Gl), or L-selectin (DREG-56) abolish ad- 
hesion to heparin (Fig. 3; see Fig. 7). A panel of mAbs to 
Mac-1 for which epitopes have been mapped on the a sub- 
unit, and which have been tested for inhibition of binding 
to other ligands (21), was used to localize the recognition 
site for heparin (Table I). mAbs to the I domain inhibited 
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unstimulated 



Unsllmulated-IAD - 



(MLP 



fMLP-lAD 




Table I Summary of Inhibition of Neutrophil Adhesion to 
Heparin by mAhs and Comparison with Structural Epitope 


mAh 
Wf\v 


Epitope 


Pcrccni innlDiiion ± SfcM 


LPMI9c 


1 domain 


94.1 £ 1 


0KM9 


1 domain 


45.4 ± 2 


1 Lf)/t 
LMir 1 


1 domain 


29.1 ±9 


TMG-65 


1 domain 


82.0 ± 3 


Mn4l 


1 domain 


84.5 £ 9 


I4B6E.2 


I domain 


28.8 & 8 


CBRM1/1 


I domain 


57.4 ± 8 


CBRMl/2 


., {domain 


41.6*7 


CBRMI/4 


: I domain ■ 


27.8 ±11 


CBRMI/13 


... f domain ; r 


8.5 ±13 


CBRMI/21 


< ' : \ 1 domain ■ j 


.'. : .,^i^: i . : :73.3-±'l5::' 




hljshv molecular wcigfit heparin; Binding . W{ ;the iih^nici^jr • pn|s " : :i ^BRM i/34 i 
enrcpf 10~ 7 MfMLPw^ 



unbound cells were removed by 10 wiishcs with u PuMeur pipelle. 
Bound cells were quuntiluted by visuully scoring the number of 
cells in five microscopic fields ( x 100). One representative experi- 
ment of f<>ur is shown, nnd burs indicnte^ya^ : ! 



OKMI COOH-lLTininnl " 2:K ± 14 



binding with a mean of: 573 ± 24,4%%; whereas mAhs *io 
; th6 CObH-terminal region blocked with a mean of 1 I 
;9.ft%; 5 of ISmAbs that mapped to the I domain blocked 
strongly (>80%), whereas no mAb that localized to the 
Cp^H-terminal region showed >30% inhibition. The'one 

cation-binding region had little inhibitory effect. ThV'brje 
mAb that mapped to sites in both the NH 2 -terrninal arid 
divalent cation-binding regions bld^ 63% of the bind 



OKMI 
CDRM 1/9 
CBRMI/K) 
CBRMt/1^ hv, 
CBRMI/17 ' 
CDRM1/IH . 
OCBRMl/23>: : -: 
: CBRMI/2>V; - 
CBRMI/26:; .- . , 
i'CBRMI/^OVi , : 

CBRMI/32 • ^ 

'•cMmi/30 ;:r 

CBtfMI/2* 

CBRpl50.9.V4G| 
TSI/IR 



COOH-lcrininul' 
C<X)Hicrmiiwl 
COOH-icrnmiul 
COOH-terminal,:, 
(XK)H-icnninui 
COOH-tcrminal 
r' COOH-termihui ' ; 
r-COOH-iermii>«l : ' : 
-M-COOH^tf^tnAnul 
.cbOH-tenn{nui v 

::;<NH : ^;ition- : 

ealiiin v "h^--A 

-'.■•■= <; 
p 150.95 
CI>18 



2.8 ±14 
-6.2 : 13 
2fO # ?5 

.-s*q.4te to 

/ -«.K.± 17 

:* i '6.+^lVi^ ' 

f -^^5^- • 
22.2.±.J7.: :W . 
• 26.4 ±.6- 

l : 3:1 i ;2 ^ ; 
; !2;Xf V ' 

-3.3 10 
,1 6.8:* ,0.5.: 




Mo mAb, no »4imoi»tJoo 



No mAb, + fMLP 



OKMI + IMLP 



LPMt9c + lMLF 



C3R pi 50,95/40 1 +fMLP 
TSl/tt + fMLP 




|: V V.transfectanr eel I binding to heparin. CHt) cells that ex- 



press Mac- 1 adhere strongly to heparin but rib't to chon- 
: drbitin sulfate (Fig. A A): adhesion is specific ^s mAbs to 
- ""Wac-lHut not to LFA-l block (Fig . 4 iff). Jp^&a%^ 
tHO cells that express ICAM-l do n6t;^ridfo|ii^ 
; thus; M^I is fcbth necessary and s|f^ 

nient to heparin. Interestingly, CHO cells tnat! express 
^ V p"l 50.95"' l>ind " lo heparin, although at lowejvefficiehc^ 
To . evaluate the inte raction . more • iqii^ri ftt ^i^ely.j 



# BcutropfcSb btwUng per field 

Figure .1 The effect of mAb on neutrophil adhesion to high mo- 
lecular weight heparin. Peripheral blood neutrophils were resus- 
pended (4 x I cells/ml), preincubated at room temperature for 
15 mm with mAbs. and added to 60-mm petri dishes coated with 
heparin in the absence or presence of 10" 7 M fMLP. The cell- 
binding assay, washing, and quantitation were performed as de- 
scribed in Fig. 2. mAbs: Media {no mAb). anti-Mac- 1 {OKMI. 
LPM /9c), anti-p \ 50.95 {CBRp!5<h95f4GI). anli-LFA-t {TSH22). 
One representative experiment of three is shown, and bars indi- 
cate standard deviations. 



we 

tested soluble heparin for its ability 4b|;hhi^ 
dependent neutrophil adhesion to immobilized heparin 
(Fig. 5). Preincubation of neutrophils with soluble heparin 
dose dependently inhibited adhesion to heparin (inhibi- 
tion constant = 9 jiM) but not to fibrinogen or iC3b- 
coated erythrocytes (data not shown). In contrast, soluble 
chondroitin sulfate C. which also bears a strong negative 
charge secondary to sulfation, had no effect on Mac-1- 
dependent neutrophil adhesion to heparin or fibrinogen 
over a wide range of concentrations. 

Because heparins are a heterogeneous group of mole- 
cules with differences in carbohydrate backbone and ex- 
tent of sulfation (38), we tested how neutrophils adhere to 
a series of chemically modified heparins (Fig. 6). Most hep- 
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Q Cbondrotus Sulfite C 
■ Ikpni 
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desulfctetf 

(CDSNS) restores adhesion. Mffi 
portant role for tHb ^rsulfate motifs 
must be critical because N-desulfated forms of heparin 
(NDSN Ac) sustain neutrophil adhesion; 

Thus far, static adhesion assays have been used to define 
an interaction between Mac-1 and heparin. Because 
closely related moieties (e.g., heparan sulfate containing 
proteoglycans) are exprewe^ 
in vivo, we examined how n^^^ 
bilized! heparin under ^liditip^ 



VBKMJtt 



MM I 



— — i — — j - — - » — — 

irophil rolling is supported by immobilized E» or P-selec- 

lins (35, 36), and by the L-selectin ligand, peripheral node 

fin (37); Mitch like its interaction wilhlCAM^(35); Mac-1 

v/ hinds to heparin at subphysiologic shear flows, and uttach- 

M. mehl' results in spreading and resistance to detachment at 

high physiological shear stresses (e.g.v 

: - ■ ■■!;:■?-. , ^ ^ ; ; ; • ; :i. g$ Similarly, heparan • sulfate Supports .Mac-l~depgnderit 

^ ^ l^r^ ^ v Bjriding of CHO cell transfcetuntsao rvghimolcculnr ^ firr^^ 



■ '' 



40 * : : Wl ' KO v |«0/ : 

• erf CHOtMk- i tffbi bound per held 



ofnVmA^^ 

; &26'X*BRMjU27sMii4l)tOne represcntaliye experinienl df three is 
; y< shown, and bars indicate 1 standard deviations,^ - : • * v. 1 . j • v • : 

arins are N-sulfatediati the free amino grdup- of GlcNAc 
and O-sulfated at C-6 drGlcNAt ^ttd ^ of IdoA. 
Howe ver^iome heparins show addition al' O-sulfal ion at 
the C-2'and Cr^bf GlcA or the C3 .61 ^I^NAt:; Activated 
neutrophils adhere poorly to heparins ihat are completely 



Mac-^epfai 

' modes oT^c^hi^icm^tethmhg 1 rales and* the -Shear *esisr) ; 
V; tafattof adhesim^^ 

- i : with-E-Selecliri 1 "alohe br coadsbrbed ^ith-Efseleclin and 
heparin (Fig. 8)r Neutrophils bind to E-se lectin via couii- 
terreceptors that are decorated with sialyLM^{34Jv:ErJ5eleCT, 

* tin sustains neutrophil tethering, but, dpes not support ar- 
rest at physiologic shear stresses (36). Experimejit$.;were; 
performed in buffers eontaining.Ca 24 ^phly^Ga?atiand;Mg^; » 
and in theipresence or^bsence of blwkingmAb.ta^ 
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Figure 5. Nei^jtophil adhesion fibrinogen, 
high molecular weight heparin, and chohdroitin 
sulfate C in the presence of soluble high molecu- 
lar weight heparin or chondroilin sulfate C. Pe- 
ripheral blood neutrophils were resuspended (4 
x 10*' cells/ml), preincubaled at room tempera- 
lure for 15 min with varying concentrations of 
soluble heparin or chondroitin sulfate C, and 
added to 60-mm petri dishes coated with fibrino- 
gen, heparin, and chondroitin sulfate C in the 
presence of I0" 7 M fMLP. The cell-binding as- 
say, washing, and quantitation were performed 
as described in Fig. 2. One representative experi- 
ment of three is shown, and bars indicate stan- 
dard deviations. 
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bindstbjj^^ 

tivated >vjth : hot to 

other sulfated glyw patient neu- 

trophils that lack surface expression of Mac-1 do hot bind 
heparin; (<0 i^bs ta neither lymphocyte func- 

tion-associated antigen-1 nor L-selectin inhibit neutrophil 
attachment to heparin or he^ and (e) CHQ 

adKesj<^$i^^ j;-"* 
^ItHo^^ 



■i 
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|^ ^ >^ : ^iiiiKha^ ment with:h^iparinasc inhibited the^ bindirig>6f^D45 mh^-i ( 1 



luted) and chondroitin sulfate C in the abftcncc or presence of 
It) 7 M fMLP, the cell-binding away, washing, and quantitation 
were performed as described in Fig^Z One representative exper- 
imcnt of three is shown, und burs indicate standard deviations.' 

selectins require Car 4 , and leukocyte integrins' require 

(if for adhesion to their respccVive ligahds;(2K, 34) v 

der conditions of ph^iplp 

neutrophils do not tether on hepari 

tin-heparin substrates in the presence of m Abs to E-se!ec 

tiii /fiata «n> chrMi/n \ : r^a2+ ic rnn iiirn>'irl f/4r ni»i ifrrririliil loth. 



Mac- 1 in A4 bone marrow-derived cell lysutcs to Swiss 
3T3 fibroblasts (13>: howcVbr, no direct adhesion to hep- 
arin by cells that express Mac- 1 was documented. In 
contrast, we demonstrate specific adhbsioh to heparin of 
neutrophils and transfectants that express Muc-1, und no 
adhesion tp hepnrin with LAD neutrophils thut lack Mac-I 
but express CD45 (62, and dalri not $h6wn)? ; 

To localize the re^gnitiph slid of heparin on Mac-ly 
mAbs to defined structural epitopes we rfe assayed for their . 
copacity to inhibit adhesion. This technique previously 



m 



cring on E-sclectin <Fig .8 v4 jrbut ' np firm adhesion -or 



S53S&^ °cid I domain as a recognition 

^" "* n site for ICAM-1, fibrinogen; and iC3b (21); Subsequen 

vestigations with recombinant I domain polypeptides con- 
firm that this region participates in ligapd fecbgnition ^44, 
„. iwn: l • -i ^ j .A: v. ^ a i> : : - -7<Kv7S). Inhibition experiments with mAbs suggest i hit hep- i 

optimal tethering and rolling as the addition of Mg z+ dqes domain ;T ' J ^ L * ' * . r : °: ^ . • • .•;>.? v..-" 



• ty< 





not augment the tetherm^ 
.increases the efficiency of events ^that occur after tethering , 
andrpllingi In the absence of mAbs to Mac- 1 v f he arrest of 
tethered and rolling neutrophils, and hencs accumulation 
of cells, is increased by the addition of Mg 2+ on an E-selec- 
tin-heparin substrate, but not on E^electin^aione (data, 
not shown); arrest occurred immediately uppn tethering pr 
after a brief period of rolling. Nonarrested neutrophils roU 
at identical velocities on E-selectin or E-selectin-heparin 
substrates in the presence of Ca 2+ or Ca^/Mg 2 *, with or 
without blocking mAbs to Mac- 1. Finally, if neutrophils 
attach to an E-selectin-heparin substrate in the presence 
of both divalent cations at physiologic shear stresses, they 
form firm adhesions and do not detach at elevated shear 
stresses unless the Mac-1 component is blocked (Fig. 8 B). 
Collectively, these experiments distinguish a Mac-1 -hep- 
arin interaction from neutrophil rolling on selectins, and 
suggest that neutrophil rolling on E-selectin at physiologi- 
cal shear is required so that a second, firm attachment be- 
tween Mac-1 and a heparin tigand will occur, resulting in 
cell arrest. 



Discussion 

In this paper, we describe a receptor-Jigand interaction 
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Because fewer 1 domain mAbs (27% compared to 
67% for iC3bi 1CAK1-1, and 'fibrinogen^ 
hesion to heparin; the' binding site' may be smaller than 
that for other characterized Mac- 1 ligands. It appears that 
the recognition site for heparin may be distinct or partially 
overlapping with respect to other Mac-1 ligands. Two 
mAbs (14B6E.2, CBRM1/4), that abolish bjnding -tpiOli:,' 
IGAM-1- and fibrinogen, do not affect binding tb heparin, 
i Onie mAti T(CBRMl/2;7) that poorly inhibits adhesion to 
ICAM-1 arid iC3b blocks adhesion to heparin, and soluble 
heparin does not reduce Mac- 1 -dependent neutrophil ad- 
. hesion to fibrinogen. . . C 

Transfectant studies in CHO cells suggest a heparin in- 
teraction with pl5G\95 that is lower affinity than with Mac-1. 
The pl50,95 molecule is expressed at substantially lower 
levels than Mac-1 on neutrophils, and this lower expres- 
sion, or greater resistance to activation by fMLP and IL-8, 
may explain the dominant role of Mac-1 on neutrophils in 
interacting with heparin. Mac-1 and pi 50,95 already share 
several ligands including fibrinogen (40), iC3b (10, 47, 55). 
and ICAM-1 (21). Some mesenchymal cell tines that lack 
ICAM expression bind to purified Mac-1 and pl50,95 but 
not to lymphocyte function-associated antigen-1 (Dia- 
mond, M. A., and T. A. Springer, unpublished observa- 
tions). 

Previous studies have suggested that L-selectin binds 
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mAbs (anti-Mud (CBRMI/2V): untl-Uclcctin (DREO-56)), diluted 20- 
fold in binding mudiu containing Cu 2 * and Mg 2 \ and allowed lo adhere lo 
heparin- or amtrolrcouied subsirute in I he prcncncc of IL-H (50 ng/ml) 
during flow at a Kuhphy»i6logic Khcitr stress of 0.3ft dyn/cm 2 . After 3 mln of 

■ continuous flow adherent: neutrophils were quamitated. Data* arc averaged 
. . from; I range !•} h some experiments, the 

: \ neut rophils we re pretreuted with NaNj bh described i n M uterials and Meth- 
ods. ^'0)/^ldch^'nV : \umy. after attachment 1 of neutrophils to heparin. 
^NeuVrpphil^ were fcsUsjpencled (5; >C 1 0* cellstatl ); preincubated at room ; r , : ^ 

■ f temperatuire^^ itirAtti (anil-Mai- 1 (CBRMWV): antifL* 

selectin ^ of : 

''' ' IL-8 (50 ng/ml) at 'low' ;hb^.{tK36 dyn/cm 2 ), for 3 min; Subsequently, shear : 
* stress was applied in singed I 'increments. Neutrophils bound ■' after 1 0 s at 

each indented shear^arc expressed as the - percentage of neutrophils t hai 
, .;• ■ scUied initially on hcjwHq-^ at . ; ^ . . y j 



' . ' if 



lio adhere io heparan sulfate coated subslraCes for 2 rriiri in medium c^„™ r ...„ p :r . 7 , _ . .- L _ w . Vi ,. iT . Tr . , ^ 

Jr^phi^ ih^siaged in- ' = 

^cr^mehis arui c^lslema^nihg boun^ as described in' B. Numbci^f cells bound ^ : ': 

is shown: One experiment of three i is shown?' - -'' : v •.: <,'•;•■. 



f, 



• --i».t:..;: . ( v .t ; 

heparin^like molecules (4?!;, 50); yet We ; dp not observe a 
significant <ttM either of our 

assays. Ih r^?jirt^c»'bf&?^.but not Mg 2t , resting neu- 



tegrin-ligand pairs ,( 1 8), and ;the leyej *tf binding is similar 



do not interact with heparin or heparan: sulfate under 
static or flow conditions (Fig. 7 C, and data not shown). 
mAbs to L-sekctin do not inhibit neutrophil adhesion to 
heparin or heparan sulfate (data not shown) and LAD pa- 
tient neutrophils that lack Mac-1 but express L-selectin do 
not bind heparin. Furthermore, neutrophil attachment to 
heparin improves after stimulation with fMLP, a condition 
that prompts rapid shedding of L-selectin (31). Even when 
L-selectin is retained on the neutrophil surface, mAbs to 
Mac-1 fully abrogate the formation of firm adhesions on 
heparin and heparan sulfate. Finally, the adhesion to hep- 
arin is energy and temperature dependent (data not 
shown), requires Mg 2 * and low shear stress flow condi- 
tions for attachment, and is not rolling in nature. 

The interaction between Mac-1 and heparin is equiva- 
lent in strength (tf ( of adhesion - 9 u,M) to many other in- 



arin significantly, recluces binding to Mac-1, whereas N-sulr 
fation of the amino group of GIcN Ac restores adhesion. 
Thus, the presence of at least one type of sulfate group on 
heparin appears crucial for its interaction with Mac-1. Be- 
cause forms of heparin that lack N-sulfation (NDSNAc) 
retain the ability to bind Mac-1, secondary O-suIfated.moi- 
eties, and carbohydrate structures probably contribute to 
the recognition site. Furthermore, heparan sulfate sustains 
Mac-l-dependent adhesion of neutrophils; heparan sul- 
fate shows a lower proportion of N-sulfated GlcNAc resi- 
dues and a lower overall degree of O-sulfation (38). Since 
Mac-1 does not interact with chondroitin sulfates, keratan 
sulfate, or hyaluronic acid (data not shown), the interac- 
tion with heparan sulfate glycosaminoglycans is specific, 
and does not reflect nonspecific binding to sulfate groups 
or other highly negatively charged structures. 
Although we demonstrate an in vitro adhesive interac- 
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phymulogicul shcur flow. Neutrophil* were suspended In u HBSS hurfer containing 2 mM Co 3 * alone, or with I mM Mg- ' and perfused 
through u now chamber ul a shear of 1.05 dyn/cm 2 . (A ) Neulrophil tethering events (cell attachments or til least 2 s duration ) were deter- 
mined on substrate^ udsorhed with wconibinnnl E-selectln alone or with heparin, Ttihe^ing is expressed us the number of leihcjriog . 
events nei* minuter field (MS mm- in ureu). Cells Were pn^nnubated' with unti-Mac-iim AblCRRM ft.U) rir control untirHLA class I ; ; 




'- r tioh te^ the Wn^o 

K ^ ;v ^ Which Muc-i-'biiSs inMvo reniiairis unknown. Physiol^ 



■ qj- - cans xontain?heparan;::suuate;;a jcs^ 

\ s iarin <3H,"58y; wheVeas thtec; fcjimd^iit ihyaccjlular granules ,^ex|fcrjn^ ira^sVnU 
^ i *iof some leukocytes contain th)) ^ orcheparahj^ 



display heparan sulfate include syndecans/perJecan» ;and 
glypican (14, 42, 49, 59). Syndecans are an evojutionajily 
related gene family of four transmembrane proteoglycans, 
and are expressed broadly im epithelial, endothelial; c^n-x 

*hective, and neural tissties (3(j)l vVcpmm 

^family memberin Drosdphila^t^ 

-sites of muscle attachment during ■ wing morphogenesis' 
(26, 64). Antimicrobial peptides generated tiiirjng wound* 
repair induce expression of syndecans on endothelial cells; 
fibroblasts, and in the surrounding extracellular matrix of 
granulation tissue (24). Perlecan is a basal lamina trans- 
membrane proteoglycan involved in neovascularization 
(6), and has been suggested to interact with both Pi and 
integrins in a heparin-dependent manner (27). Glypican is 
a heparan sulfate proteoglycan that is membrane linked 
through a glycosyl phosphatidylinositol anchor (14), and is 
expressed on aortic and umbilical vein endothelial cells 
(43). Future studies will assess which of the described 
heparan sulfate proteoglycans serve as adhesive ligands 
for Mac-1. Preliminary studies indicate a high level of 
specificity of Mac-1 and heparan sulfate proteoglycan in- 
teractions; the purified extracellular domain of syndecan-1 



tcjrizcf$jm 

resting neutrophils do not attach to^epann;^ 
contrast,, at conditions of low shear stress, activated neti- . (i 
trophits attach to and spread on heparins in a MacU^j v vi 
dependent manner, similar toUhal iObserved , on IGA^ie 
(35). At high shear flows, wten,£^ 
with heparin, neutrophils* mak§p4ra.n^niu^|i'n 
irients via se lectins, and then arrest aniJ deyelopibigh shearrv 
resistance through a heparin^Mac7 Interaction .' We have v ; 
jiq evidence for an overlap between selecjifciand Mac^jH a 
mediated adhesion to heparin; Mac-t binding to heparin 
does not support neutrophil rolling. Instead, it enables the 
firm adhesion of cells that have been slowed physiologi- 
cally by selectin-mediated rolling, or allowed sufficient 
contact time experimentally by binding at subphysiologic 
flow. Because they bind inflammatory cytokines and 
chemokines such as IL-8 (66, 71), heparins can both 
present molecules that activate Mac-1 and serve as ligands 
for adhesion and spreading. Thus, heparin moieties may 
complement other receptors such as ICAM-1 in the Mac- 
1-mediated neutrophil extravasation process. 

Another role for a Mac-1 -heparin interaction may be in 
neutrophil migration after extravasation. Heparan sulfates 
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..sent in the extracellular matrix as components of 
jcd proteoglycans, and may serve as adhesive tracks 
niigration and haptotaxis of leukocytes that express 
In addition/ 

„ within primary granules of resting neutrophils (53). 
,jer activation, these molecules translocate to the surface 
£d into the surrounding environment A chemotactic 
stimulus in the periphery may induce neutrophils to acti- 
vate Mac-1 and directionally secrete an adhesive ligand to 
^atei patlifo^ 

A ^ac4^epari 
nonieirmnof^ 

^ sioh^ 
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lor the activation or neutrophil Mac-1 (61, and Diamond. 
M. S./iimiT; A. Springer, unpublished observations). 
; lit ilhis repbrt^we have described a Specific interacUo^ 
between heparin, heparan sulfate, and the leukocyte jnte- 
gnn Mac-h Future 1 studies must aim at identifying the; pre- 
cise 'functional side chain on heparan sulfa: e glycans that 
binds to: Mac-l HKe (proteoglycans that are decorated with 
this moiety, and the biological contexHor Mac^l-heparin 
; adhesion. Such information may enable the generation of 
v . ^ sulfate analogues that serve selectively 

' ^fwdriVnnfl iagefltsln viva ^ '* ■ ^(V 
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„5iit in the extracellular matrix as i^mponents i of 
i|e4 piotepglycans, and may serve as adWsive^ *Wk 8 
7 0ii^ation and haptotaxis of leukocytes that express 
:4. In addition, heparin-containidg proteogjycans re- 
^ within primary granules of restiiig neutrophils (53). 
Jfter activation, these molecules translocate to the surface 
§jd into the surrounding environment. A cheihotactic 
timulus in the periphery may induce neutrophils to acti- 
vate Mac-1 and directionally secrete an adhesive ligand to 

A I^ac-l^epariri interaction also may explain the phe- 
noniertbh oriieutrbpil :tibm^ 



tiwly'rorulril^ type three cpmptemew receptor./ 

&fi/mm0b\#$ /r-ry.-.-:.. * : „ 

9. Bcm^UJ, M.; R.'K*cn)^; M;Kato, M. T, HlnJtc* J Spring R U Oallo. 

and E J» Uwc/19S^ Biplogy of the iymicc«u: a f(uni!y of Iraniincro- 
brane heparan 8uifab;protcdglycanB; A rwji Rev, Ceil Biol 8363-393. 

10. Blbland, CAivM.S. Diamond and T. A. Springer. 1VH The leukocyte in- 

tegrin pi 50,93 (CD1 IcCDIM) ocu an a receptor for tC3b. Activation by a 
heierologoni p lubunii and localization of a ligand recognition lite to the 
I domain;/. /mmtMr;/. 1&45K2-45H9. 

11. Bulcber, G. C 1991. lxvkpcy|lc^rtOoihc!uil -.cell recognition: three (or 

more)it*|i^^ 
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inglj^ peutrophil aggregation docs not occur/ qt - lo C. n 
• : ^emr^iuirS trtitf prewrtts^j^iu^ v 
for the activation of neutrophil Mac-1 (6f#*nd Diamond, 
M. S., and T. A. Springer, unpublished obiws|i«}onsr.- : * 
; Iti; this: repdrt^we have described a Specint fraction ; 
between heparin, heparan sulfate, and the leukocyte inte- 
grin Mac-it Future studies must aim at identifying the'pre-r 
dse 'functibntrt ;side chain on heparan sulfa: e glycans that . 
binds tb Mac^; the proteoglycans that are decorated vyith 
this moietf; and the biological contexVfor Macil-heparin 
adhesion. Such information may enable the generation of 
^ep^n, or heparan sulfate ahalogiueR that serve selectively 
''^ ; ^^jn^^ viva " ^' 
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Drug-eluting stents in vascular intervention 

Rossetta Fattori, Tommaso Piva 



Context Restenosis is > the most important long-term 
limitation -df ; stent implantation for coronary artery disease, 
occurring in 15^0%Vof patients; Irvstent restenosis,: a 
refractoiy; < cproha^ from, neointimal 

hyperplasia^^ challenges; both - *? Vascular, biologist . and 
inteWehtionai rardioipgi^ devices have 

been used- trie^ : to overcome,, restenosis . but are not 
particularty t successful;; ; Oyer : lj. 500, 000 ; percutaneous 
corOTary^^ 

bhiyVfmiport^ impact, onhea'lth- 

'■'it' 1 - v ^'^■^M '.: i H ' * v ' ■ *;>- . -■ / ,. \ ; ;, ■ 

musclejce1ls;;res after vascular, 

The?rBtpnaleiqf|thesm^ to:restenosls ■ 

(e^brach^^^ 

from; tteHisimiian^ growth "and i; the 

^nign ^tissuej/pro whicft^characterises iritimal " 

h^erplasib^i Several^ haver been 

tested fo^'thelr tbl Inhibit, restenosis/- witii Jthe 

nweHstrate^|6f ^ministering trjie/a^g^via a /coated^tent 
ptetfoiro;^-^^ : higher ^tissue, 

.cpncehtratfe effects, at : a 

.precise;;sitejani||tim multicentre trial with stents 

c6ated wjtfe ^ siroiimus^>was \by>rMa / n^laude\- J Moride^ah(i 
cojlea^s^^ in a; trial 

of' 238|f^ents; restenosis' .of ^p%^6r<^bre-at 6 ftdrijjhs. 

(p;<6;Obi)i» | irespe^ '^percutaneous^ revas"i^iar : 

J^tjorfcf Muzafferi ^Degerfel^ 

i5Hpatiente;';whoUh^ 
stent;ih anotherrstudy^and 

restenosis adverse events. = 

Where next? Lbcai; application of antjproiife native agents; is 
a! promising technique and research is developing. Other 
agents .with ; potential^ benefits 1 ' (eg, statins, local 
genertherapy, adehbvims-mediatedt arterial gene-transfer, 
Li-argiriine; abcixirhab,' ; arigibp^ptin; : -;rec6mbinant pegylated 
hirudin; and hilop'rpst|;as^ well asJmprovements in polymer 
technology; (bipdegradable smart ; polymers , coatings for 
multiple-drug release) are under. 'evaluation. The clinical 
impact of the elimination of restenosis may influence: the 
approach to coronary artery disease, the .future of cardiac 
surgery, and health-care economics in cardiology. 
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Percutaneous transluminal coronary angioplasty (PTCA) 
has become the main method of coronary revascularisation, 
accounting for more than 1 500 000 procedures worldwide 
every year.' Despite technical advancements, of which 
coronary stenting has been the most significant, restenosis 
remains the major problem that hampers the procedure's 
efficacy. Compared with balloon angioplasty alone, coronary 
stenting coupled with aggressive antithrombotic and 
antiplatelet therapy improved acute outcome and long-term 
negative arterial remodelling.- ' However, in practice stenting 
can lead to in-stent restenosis, a particular refractory form of 
neointimal proliferation. Stent restenosis rates are reported 
to be 15-20% in ideal coronary lesions, but may occur in 
over 30-60% of patients with complex lesions (eg, small 
vessel, diffuse atheromasia, and bifurcation lesion). 
Moreover recurrent restenosis is more common after 
percutaneous treatment of in-stent restenosis, with clinical 
and economic impacts on health-care systems. 

The evolution of stent design, which has produced 
increasingly safer and easier-to-use devices, extended the use 
of PTCA, allowing approach to multivcsscls disease as an 
alternative to coronary bypass surgery. However, the 
increasing volume of cardiac surgery in the past few years' 
suggests that the widespread use of coronary interventions 
has been extended more to medical than surgical patients 
Therefore in-stent restenosis can be expected to increase as 
coronary stenting becomes more frequent, being used in a 
wider spectrum of patients and types of coronary lesions. 

Mechanisms of restenosis 

Restenosis is the reduction of the luminal size due to loss of 
gain in lumen size after intravascular interventional 
procedure. Several cellular and molecular events occur 
sequentially after a vascular injury. 2 -" The initial response of 
the elastic fibres of the vascular wall to overstretching by 
balloon catheter is elastic recoil, responsible for the loss of 
gain, which characterises the early phase of restenosis. The 
endothelial denudation and the exposure of subintimal 
components cause platelet adherence and aggregation, 
fibrinogen binding, and thrombus formation. Thrombus 
formation can also act as a scaffold into which vascular 
smooth-muscle cells can migrate, synthesisc matrix and 
collagen, and reorganise the thrombus, providing the 
substrate for neointimal formation. Activated platelets release 
several mitogens and chemotactic factors, which stimulate 
smooth-musclc-ccll migration and proliferation into the 
injury site. Inflammatory mediators and cellular elements 
contribute to trigger a complex array of events that modulate 
matrix production and cellular proliferation. Finally, 
remodelling, a gradual dynamic process mediated by 
adventitial myofibroblasts that leads to a change in vessel size 
by constrictive remodelling without an overall change in 
tissue volume, contributes to the loss of lumen at later times. 
Stenting reduces elastic recoil and negative remodelling, the 
mechanical component of restenosis, but also stimulates the 
cellular mechanisms yielding to in-stent restenosis. 

By contrast with balloon angioplasty, restenosis after 
stenting is due mostly to neointimal formation. Trie bulk of 
in-stent restenosis consists of extracellular matrix, 
proteoglycans, and collagen, with only 11% cells. Greater 
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Drug-eluttng stents: mitosis inhibition 

VSCM=vascular smooth muscle cell, MMp=matrix metal lo proteinase, FKBP=tacrolimus binding protein. mTOR=mammalian target of sirolimus. 



neointimal proliferation is associated with deeper medial 
penetration of stent struts, contradicting the idea that in 
percutaneous coronary interventions a larger lumen achieved 
by angioplasty diminishes the rate of restenosis. Moreover 
arterial medial disruption and lipid-core penetration by stent 
struts is associated with greater numbers of inflammatory 
cells by contrast with strut in contact with fibrous plaque, 
highlighting the role of inflammation in restenosis and its 
relation with the morphology of the atherosclerotic plaque. 

Preventing restenosis 

Much research into many mechanical devices and drugs has 
been done to prevent restenosis, providing the rationale for 
an enormous number of clinical trials, but none have been 
proven to be effective. 4 7,,Ml Many different biological 
mechanisms contribute to restenosis and drugs that target 
only one pathway for a restricted period may have limited 
value in a multifactorial process. Experience with 
systemically administered drugs, such as antiplatelet agents, 
anticoagulants, calcium-channel blockers, angiotensin- 
converting-enzyme inhibitors, cholesterol-lowering agents, 
and antioxidants, has proven almost universally negative. 
These agents were previously tested in animal models and 
found to be beneficial. The lack of efficacy in human studies 
may be in part due to insufficient concentration of drug at 
the injury site or lack of chronic dosing. In general, although 
animal models provide new insight into the mechanism of 
restenosis, biological and mechanical differences meant that 
therapeutic success of anti-restenotic therapies was not 
achieved in human beings. The recent introduction of 



intracoronary radiation has emerged as a promising modality 
to attenuate, the intimal hyperplastic reaction. 12 M Despite the 
lack of benefit for preventing restenosis in dc-novo lesions, 
brachytherapy was effective in reducing recurrent restenosis. 
However, larger studies and long-term follow-up showed 
alarming long-term sequelae such as edge restenosis and late 
thrombosis, providing some concerns about the potential 
lifelong effects of such a cytotoxic approach. 

Drug-eluting stents: evolution or revolution? 

The potential usefulness of immunosuppressive agents in the 
treatment of restenosis arises from parallels between tumour 
cell growth and the benign tissue proliferation which 
characterises intimal hyperplasia (figure). Avoiding systemic 
toxicity, stem-based local drug-release at the site of vascular 
injury via a polymeric-coated stent is an attractive 
therapeutic method to achieve an effective local 
concentration of drug for n designed period. The safety and 
efficacy of such an approach critically depends on the 
delicate combination of drug, polymer, and kinetics of 
release." A drug-cluting stent is a device releasing into the 
bloodstream single or multiple bioactivc agents that can 
deposit in or affect tissues adjacent to the stent. Drug can be 
simply linked to the stent surface, embedded and released 
from within polymer materials, or surrounded by and 
released through a carrier. The carrier can coat (strut- 
adherent) or span (strut-spanning) the stent struts 

Several antiproliferative agents with different stent design 
arc under investigation for their safety and efficacy in 
the treatment of coronary lesions . (see wcbtable, 
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Sirolimus is a natural macrocyclic lactone with potent 
immunosuppressive and anitimitotic action, which was 
approved in 1 999 as an antirejection drug in renal transplant 
recipients. Sirolimus blocks cell-cycle progression and 
expression of inflammatory cytokines, thus inhibiting cellular 
proliferation. With the hypothesis that the immun- 
osuppressive properties of sirolimus might inhibit neointimal 
proliferation, a drug during stent was made by coating the 
stent with a mixture of synthetic polymers blended with 
sirolimus. A second layer of drug-free polymers allows 
gradual drug release in a controlled concentration and time, 
over 30 days. Preliminary studies on animal models indicated 
a substantial reduction of intimal hyperplasia without adverse 
effect." 1 

Marie Claude Morice and colleagues" report the first 
randomised double-blind trial (RAVEL study) comparing 
the coronary stent coated with sirolimus with a standard 
uncoated stent. The trial included 238 patients with single 
coronary lesions at 19 different medical centres. Patients with 
complex coronary lesions were excluded. The angiographic 
rate of restenosis at 6 months was 26*6% in the standard- 
stem group and 0% in the drug-stem group. There were no 
reported cases of subacute thrombosis. At 2 years* follow-up 
in a subgroup of patients 1 * the beneficial impact of neointimal 
growth inhibition was persistent. These data are indeed 
impressive and offer substantial hope for the elimination of 
in-stent intimal hyperplasia. 

Sirolimus may be the first successful attempt at a drug- 
eluting stent but many other drugs (other immuno- 
suppressants, antineoplastic agents, vascular endothelial 
growth factor, 17-p-oestradiol) are under evaluation. 
However, the results with the sirolimus stent are prdiminary 
and caution should be taken with such early data. Potential 
systemic or local toxic effect of the drug, especially in cases of 
two stents placed together and overlapping, or an 
inflammatory late response targeted by the polymer itself, 
may shift restenosis to a later time or damage the distal 
vascular bed. Other drug-eluting stent systems 
(dactinomycin , QUADS-QP2 taxane, batimatast) showed 
different adverse events, such as late thrombosis, delayed 
restenosis and aneurysm formation." 20 Polymer coatings by 
their nature typically induce inflammatory responses and 
fibrinoid deposits. Moreover histological studies show that 
the stability of polymeric material may degrade over time, 
bringing the risk of delayed intimal hyperplasia. Therefore 
the perfect carrier (ic, biodegradable polymers, multilayered 
polymers for multiple-drug release, antigen-antibody 
coatings to capture endothelial cells) is still being searched 
for. Most importantly, to be applicable in clinical practice, 
drug-eluting stents must also be verified in patients with 
higher risk and complex coronary lesions. 

The SIRIUS trial, a study that randomised 1 100 patients 
to treatment with rapamycin-coated or standard stent, is 
investigating long-term safety in complex coronary lesions. 
Preliminary results show a significant reduction of in-stent 
(3-2% drug-stem vs 35 4% standard stent) and in segment 
restenosis (8-9% vs 36*3%), with no difference in adverse 
effects. The results are impressive: the combination of drug- 
eluting stent and brachytherapy may confine the indication 
for bypass surgery to a few limited cases. 

Nevertheless, despite great enthusiasm over drug-eluting 
stents, after regulatory approval their average market 
penetration rate in Europe has only been 6%. 21 One of the 
most debated issues is the large increase in costs of the 
procedure: the price of a single device is about €2400, while 
an uncoated bare stent costs about 6500. Complex analysis 
of the economic burden of restenosis (rc-PTCA, 
hospitalisation, increase of medications and diagnostic 



testing, loss of productivity) versus the potential cost of drug- 
eluting stent in multivcssels disease arc debated. Over two 
decades after the first successful percutaneous coronary 
intervention- and after the discovery of sirolimus, a new era 
of vascular interventions is here. The further development of 
the stent as a local drug-delivery vehicle with no systemic 
effects looks promising. However, cost-effectiveness and 
long-term reliability remain to be defined. 
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CLINICAL STUDIES Acute Myocardial Infarction 

The Effect of Blockade of the CD11/CD18 Integrin 
Receptor on Infarct Size in Patients With Acute 
Myocardial Infarction Treated With Direct 
Angioplasty: The Results of the HALT-MI Study 

David P. Faxon, MD,* Raymond J. Gibbons, MD,i" Nicolas A. F. Chronos, MD,* Paul A. Gurbel, MD,§ 
Florence Sheehan, MD, PhD,|| for the HALT-MI Investigators 

OBJECTIVES The purpose of this study was to determine whether Hu23F2G (LeukoArrest), an antibody 
to the CD11/CD18 integrin receptors, would reduce infarct si2e in patients undergoing 
primary angioplasty for an acute myocardial infarction, 

BACKGROUND Reperfusion injury in acute myocardial infarction has been shown experimentally to be related 
to neutrophil accumulation. Inhibitors of the CD11/CD18 or CD18 integrin receptors have 
been shown to reduce infarct size in experimental models. 

METHODS Patients within 6 h of onset of chest pain with ST-segment elevation were randomized to 
receive either 0.3 mg/kg or 1.0 mg/kg of Hu23F2G or placebo just before angioplasty of 
occluded arteries (Thrombolysis in Myocardial Infarction TIMI flow grade 0 or 1). The 
primary end point was infarct size as measured by sestamibi single-photon emission computed 
tomography (SPECT) scan five to nine days later. 

RESULTS Four-hundred and twenty patients were enrolled and received a placebo or the study drug. 

The groups did not differ in baseline or angiographic characteristics or angioplasty results. 
Infarct size was 16%, 17.2% and 16.6%, for placebo, 0.3 mg/kg and 1.0 mg/kg, respectively, 
of the left ventricle (p = NS)..No differences were evident in those patients with anterior 
myocardial infarction or those presenting within 2 h of onset of chest pain. Corrected TIMI 
frame count was also not different between groups. Clinical events at 30 days were very low, 
with a mortality of 0.8%> 1.4% and 3.3%, respectively. The drug was well tolerated, with a 
slight increase in minor infections in the high dose group. 

CONCLUSIONS The results of this muiticenter, double-blind, placebo-controlled, randomized clinical trial 
demonstrated that an antibody to CD11/CD18 leukocyte integrin receptor did not reduce 
infarct size in patients who underwent primary angioplasty. (J Am Coll Cardiol 2002;40: 
1199-204) © 2002 by the American College of Cardiology Foundation 



Reperfusion therapy reduces infarct size, but reperfusion 
injury may limit its benefits (1-8). Experimental studies 
have demonstrated that the inhibition of the CD11/CD18 
leukocyte integrin receptor can result in a significant reduc- 
tion of infarct size (9^14). In addition, inhibition can 
improve endothelial function, coronary blood flow and left 
ventricular hemodynamics. Hu23F2G (LeukArrest) is a 
humanized antibody directed against all isoforms of the 
CD11/CD18 integrin receptor (15). It has been shown to 
inhibit the attachment and transmigration of neutrophils, as 
well as adhesion-mediated release of oxygen-free radicals in 
vitro (oral communication, ICOS Corp., October 1997). 

This multicenter, randomized, double-blind study was 
undertaken to evaluate the safety and efficacy of Hu23F2G 
in reducing infarct size as determined by sestamibi single- 
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photon emission computed tomography (SPECT) scanning 
in patients with . ST-segment elevation acute myocardial 
infarction (MI) undergoing primary angioplasty. 

METHODS 

This study was conducted at 54 study centers in the U.S. 
that were capable of performing primary angioplasty (see 
complete Appendix 1 online at www.cardiosource.com/ 
jacchtml). Patients were eligible for participation if they 
were between the ages of 18 and 85, had chest pain or other 
typical signs or symptoms of acute MI of less than 6 h in 
duration and were candidates for primary angioplasty. For 
anterior MI, the electrocardiogram (ECG) entry criteria 
were ST-segment elevation of at least 2 mm in at least two 
contiguous precordial leads or new left bundle branch block. 
For inferior MI, the ECG entry criteria were at least 1-rnm 
ST-segment elevation in two or more inferior limb leads (II, 
III, AVF), with reciprocal ST depression of at least 0.5 mm 
in two or more precordial leads, Patients were excluded if. 
they had a history and ECG evidence of previous Qrwave 
MI or an ECG pattern that made the diagnosis of MI 
difficult Other exclusion criteria were cardiogenic shock, 
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Abbreviations And Acronyms 

CK-MB - creatnine kinase-MB fraction (primarily in 

cardiac muscle) 
ECG - electrocardiogram 
MI = myocardial infarction 
SPECT =* single-photon emission tomography 
TIMI = Thrombolysis In Myocardial Infarction 



treatment with thrombolytic therapy before study drug 
administration, a baseline serum creatinine of >2 mg/dl, 
evidence of an ongoing bacterial infection, pregnancy and 
the presence of other serious medical conditions. 

After informed consent, patients were randomized into 
the study and then immediately taken to the cardiac 
catheterization laboratory, where coronary angiography was 
performed and Thrombolysis In Myocardial Infarction 
(TIMI) flow grade determined. The infarct-related artery 
was initially injected to determine TIMI flow just before the 
administration of the study drug (16). Subsequently, mul- 
tiple views of both coronary arteries were obtained after 
intracoronary nitroglycerin administration. Care was taken 
to ensure that the entire vessel and catheter was visualized to 
calculate TIMI frame count. If the infarct artery showed 
TIMI 0 or 1 flow grade, the patient was enrolled into the 
study. Patients who showed TIMI 2 or 3 flow grade did not 
receive the study drug but had complete screening data 
obtained. The study drug was administered as a weight- 
adjusted, intravenous bolus over 1 to 2 min, Patients were 
randomized to receive either 0.3 rng/kg or 1 mg/kg of 
Hu23F2G IV or placebo. Previous studies in normal vol- 
unteers have shown that these doses resulted in an 80% 
saturation of the CD11/CD18 receptor for 12 to 24 h. 
These doses, however, were lower than those shown to be 
neuroprotective in experimental studies (that is, 4 mg/kg). 
All patients received aspirin and heparin that was adminis- 
tered by intravenous infusion to maintain the activated 
clotting time between 250 and 300 s. Angiography was 
performed using standardized techniques of angioplasty 
with initial passage of a guidewire and balloon dilation. The 
use of glycoprotein Ilb/IIIa antagonists was permitted, as 
was the use of coronary stents or other devices, at the 
discretion of the operator. Only the infarct-related artery 
was treated. 

After the procedure, the sheaths were removed. The 
patients were then treated in the Coronary Care Unit. The 
institution of angiotensin-converting enzyme inhibitors, 
beta-blockers and platelet antagonists such as ticlopidine or 
clopidogrel were used at the discretion of the investigator. 

Five to nine days after the administration of the study 
drug, a technetium-99m sestamibi SPECT image was 
obtained. Patients were discharged from the hospital, and 
they returned for an outpatient visit at 30 days for clinical 
assessment and determination of adverse events. At 6 
months, the patients were contacted by telephone to deter- 



mine their vital status and the need for rehospitalization and 
follow-up procedures. 

Nuclear imaging technique. The nuclear core laboratory 
(Mayo Clinic Foundation, Rochester, Minnesota) initially 
validated adequate image quality at each site using a cardiac 
phantom and a quality control test (17). Those centers with 
single-headed cameras were required to use either a step- 
and-shoot mode or a continuous mode in circular orbit. 
Thirty images were required in a 64* X 64- word mode 
matrix over a 180" arc, beginning at 45° right anterior 
oblique and ending in the left posterior oblique position, 
with an image time of greater than 40 s. For multihead 
SPECT systems, acquisition was performed over 360* every 
6°. Data were stored in 64- X 64-word mode matrix with an 
image time of greater than 30 s. Raw unprocessed data, the 
most recent 30 M count flood images and the most recent 
center of rotation study were forwarded to the core labora- 
tory, which was blinded to treatment assignment. Measure- 
ment of infarct size has been described and validated 
previously (17-19). Quantitation of the extent of left ven- 
tricle with absent perfusion was performed using a five -slice 
technique, with short axis slices obtained every 6 mm. 
Quantitation was performed using threshold techniques and 
standard geometrical formulas. Infarct size was expressed as 
the percent of left ventricle with a perfusion defect. 
Core angiographic laboratory. The core angiographic lab- 
oratory (University of Washington, Seattle) blindly re- 
viewed all angiograms. The TIMI flow and corrected TIMI 
frame counts were determined . as previously defined (16). 
Quantification of the coronary stenoses was performed by 
two readers who had no knowledge of the treatment 
assignment. Collaterals to the infarct-related artery were 
graded as present or absent. If present, the degree of 
perfusion was graded as full if the entire vessel was visual- 
ized and partial if only a portion of the vessel was visualized. 
Safety monitoring* A safety summary was faxed to the 
coordinating center on day 9 or at hospital discharge. An 
Independent Data and Safety Monitoring Committee pe- 
riodically reviewed the status of the trial. 
Statistical analysis. The sample size was calculated to 
detect a reduction in infarct size of 8.5% of the left ventricle 
in patients with anterior MI and a reduction of 3.3% in 
patients with inferior MI. Using the variability reported 
elsewhere for similar patients (18,19), 112 patients per 
treatment group were required for two-sided p value of 
<0.05 at 80% power. Assuming the loss of patients during 
the study, 140 patients per treatment group were random- 
ized. 

The primary analyses were performed using the intention 
to treat the population; the results were also analyzed 
according to the treatment they actually received. Analyses 
of variance was used for comparing baseline characteristics 
across groups for continuous variables. The Fisher exact test 
was used for comparing treatment groups for categorical 
variables. 

For the primary efficacy end point, myocardial infarct 
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Table 1. HALT-MI: Demographics and Baseline 
Characteristics 
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Hu23F2G 




0.3 me/kg 
(n s 128) 


1 me/kg 
(n = 139) 


Placebo 
(n * 1S3) 


Mean nge (yrs) 


60,4 


59.8 


60.2 


Percent male 


73 


74 


69 


/-> • /fit \ 
Caucasian (%) 


89 


83 


85 


Infarct location 








Anterior (%) 


33 


36 


34 


r r • _ / \ tf\.l\ 

Infenor/othcr (%) 


67 


64 


66 


Mean time chest pain 


1.66 


1.70 


1.71 


to hospital (h) 








Mean time chest pain 


3.9 


. 3.7 


3.7 


ro balloon (h) 








Medical history 








Prior MI (%) 


13 


12 


13 


Hypertension (%) 


50 


48 


48 


Hypercholesterolemia (%) 


44 - 


35 


44 


Cigarette smoker (%) 


67 


78 


67 


Prior stent placement (%) 


3 


3 


5 


Prior PTCA/atherectomy (%) 


9 


7 


12 


Prior CABG (96) 


9 


4 


3 


Diabetes (%) 


20 


17 


17 



CABG «s coronary artery bypass grafting; MI < 
percutaneous transluminal coronary angioplasty. 



myocardial infarction; PTCA 



size, determined by technctium-99m sestamibi SPECT 
imaging, was compared using analysis of co-variance. The 
following variables were used as covariates: area under the 
curve for the first 6 h of creatine kinase-MB fraction 
(CK-MB), time between initial symptoms and first balloon 
deflation, age, gender, pretreatment TIMI flow and infarct 
location. The primary analysis used imputed values for 
missing data. Patients who died before imaging (n = 8) 
were assigned the largest infarct size measured for that 
infarct location (anterior or other) for each patient. For 
patients who were alive but who did not obtain a follow-up 
SPECT image (n = 22), the median value measured for 
each infarct location was used. A Cox proportional hazards 
regression model was used for the survival analysis. 

RESULTS 

Patient population. Six-hundred and thirty-seven patients 
were randomized and 420 patients with TIMI flow grade 0 
or 1 flow were enrolled. One-hundred and sixty-nine 
patients of 214 did not receive study drug because of their 
TIMI 2 or 3 flow grade at initial angiography. One hundred 
and twenty-eight received 0.3 mg/kg of LeukoArrest, 139 
patients received 1 mg/kg of LeukoArrest and 157 patients 
received placebo. The follow-up was complete at 30 days in 
99% of patients. Fourteen patients (seven from the placebo 
group) received a different therapy than initially assigned. 
Baseline characteristics. The baseline demographic and 
clinical characteristics of the 420 patients enrolled were not 
different between groups receiving the study drug versus the 
placebo (Table 1), Medication use during hospitalization 
was not different between groups. The angiographic find- 



Table 2. HALT-MI: Angiographic and Angioplasty Results 







Hu23F2G 




0.3 mg/kg 
(n = 128) 


1 mg/ke 
(n = 139) 


Placebo 
(n = 153) 


Infarct vessel . 








LAD (%) 


34 


36 


34 


Circumflex (%) 


14 


13 


9 


RCA(%) 


. 52 


51 


57 


TIMI flow pre-PTCA (%) 








0-1 


98 


96 


96 


2 


2 


4 


3 


Collaterals to IRA (%) 


32 


42 


41 " 


AnffioffraoKie success 


88 


86 


89 


Percent residual stenosis 


8 


6 


8 


TIMI flow-post (%) 








O-l 


6 


6 


4 


2 


9 


4 


8 


3 


81 


86 


86 


Corrected TIMI frame count 


21.3 


23.3 


22.3 



IRA « infarcc-related arrery; LAD » left anterior descending; MI *» myocardial 
infarction; PTCA » percutaneous transluminal coronary angioplasty, TIMI o 
Thrombolysis In Myocardial Infarction. 

ings showed the infarct artery to be the left anterior 
descending in 33% to 36% (Table 2). TIMI 0 or 1 flow 
grade was confirmed by subsequent core angiographic lab 
assessment in 96% to 98% of patients. Collateral vessels 
were present to the infarct related artery in 32% to 40% of 
patients. Full collateralization was present in 29% to 37% 
percent of those who had collaterals. 
Angioplasty results. A successful procedure, defined as less 
than a 50% residual stenosis without death or emergency 
bypass surgery, was seen in 86% to 89% of each group 
(Table 2). Stents were placed in 85% of patients and 
abciximab was used in 65% to 73% of patients. The residual 
stenosis was less than 9% in all three groups; TIMI 3 flow 
grade was established in 81% to 86% of patients. None of 
the differences among the three groups were statistically 
significant. 

Infarct size. The final infarct size forthc intention-to-treat 
population, with and without imputation, is shown in 
Figure 1A and IB. Including imputed values for missing 
data, infarct size was 16%, 17.2% and 16.6% of the left 
ventricle for placebo, 0.3 mg/kg and 1 mg/kg, respectively 
(p = 0.796). The observed data (without imputation) on 
390 patients (92.9% of the study group) gave similar results. 

The subgroup of patients with anterior MI had signifi- 
cantly greater infarct size (averaging 25%), but again no 
differences were noted among the three groups. Likewise, 
when patients were subdivided by the time from the onset of 
chest pain to balloon deflation or by the presence of 
collaterals, there were no differences. Infarct size, measured 
by CK-MB area under the curve for 24 h, was not different 
among the three groups (175%, 175% and 184% per hour 
for placebo, 0.3 mg/kg and 1 mg/kg, respectively). Micro- 
vascular flow, assessed by corrected TIMI frame counts, 
were also not different among the groups (21.3%, 23.2% and 
22.3%, respectively). 



1202 Faxon eial. 

White Cell Integrin Receptor Blockade and Infarct Size 



18069302 



JACC Vol. 40. No. 7, 2002 
October 2, 2002:1199-204 



.a 
w 

c 

E 



20 



15 



10 





T 


T 




I — I 1 

19 




112 




16j6 





























Ptocebo> n=123 0 J mg/kg, n»1tt 1J) mofcg, n^f 53 

Hu23F2G 



A Imputed Values, Mean + SB 



20 



43 
c 



10 





T 




, T 

17.4 


T 




IS J 






15.4 





















Placebo, n»121 0.3 m^kg, n=»128 1.0 mo/kg. n*143 

Hu23F2G 

B Observed Data, Mean + SE 

Figure 1. (A and B) HALT-MI infarct size by single-photon emission 
computed tomography, imputed values and observed data. LV = left 
ventricular- 
Clinical events at 30 days. The incidence of major clinical 
events was very low, with only eight deaths in the study 
population, for an overall 30-day mortality of 1.9% (Table 
3). Although there were fewer deaths and reinfarctions in 
the low dose group (0.3 mg/kg) and survival at 30 days 
tended to be better in the treatment groups, there was no 
significant statistical difference (p = 0.20), given the low 
number of events. When a composite end point using death, 
new MI, ^hospitalization for heart failure and infarct size 
by SPECT scanning were used, no differences between 
groups could be discerned. 

Adverse events. Major infections occurred in 5% to 10% of 
patients, with minor infections in 2% to 9%. The most 

Table 3. HALT-MI: Clinical and Adverse Events at 30 Days 
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Event 


(n = 128) 


(n « 139) 


(n = 153) 


Clinical events 








Death (%) 


0.8 


1.4 


3.3 


Reinfarction (%) 


0.8 


2.9 


3.9 


New CHF (%) 


1.6 


1.4 


3.3 


Revascularization (96) 


12.5 


17.3 


10.5 


RehospitaJizarion (%) 


8.6 


10.1 


13 


Adverse events 








Major infection (%) 


6 


10 


5 


Minor infection (%) 


5 


9 


2 


Bleeding (%) 


16 


17 


15 


CHF ° congestive heart failure. 



frequent infection was urinary tract infection, which oc- 
curred in 6.3%, 9.4% and 2.6% of patients in the 0.3 mg/kg, 
1 mg/kg and placebo group, respectively. Infections were 
more common in the active treatment group but were easily 
managed and caused no serious adverse events. 

DISCUSSION 

The results of this multicenter, randomized, double-blind, 
placebo-controlled, parallel group study demonstrated that 
Hu23F2G, an antibody directed against the leukocyte 
CD11/CD18 integrin receptor, did not significandy reduce 
infarct size, as determined by Tc-99m sestamibi SPECT 
scanning five to nine days after primary angioplasty. The 
drug was well tolerated in this study population, although 
infections were slightly more common in the high dose 
group. 

Neutrophils in reperfusion injury, Reperfusion of isch- 
emic myocardium, particularly with oxygenated perfusate, 
has been shown to contribute to further tissue damage and 
has been called reperfusion injury (4-8). A number of 
mechanisms have been proposed for reperfusion injury, 
including an excess release of oxygen free radicals. Inflam- 
mation during acute MI has been recognized for more than 
60 years (20). Experimental and clinical studies have dem- 
onstrated an increase in neutrophil accumulation in the 
infarct zone upon reperfusion, with an increase in cytokine 
release and expression of the CD11/CD18 integrin recep- 
tors on white cells (21-24) before, but particularly after, 
reperfusion, with the plugging of small arterioles and 
capillaries (25). Clinical estimation of microvascular flow 
after reperfusion using the rate of resolution of ST-segment 
changes, corrected TIMI frame count, or the density of 
myocardial contrast has identified patients at higher risk for 
subsequent cardiovascular events (26-28). 
Inhibitors of the CD11/CD18 integrin receptor. Anti- 
bodies to either all or one of the four isoforms of the 
CD11/CD18 integrin receptor have been shown to reduce 
infarct size, improve coronary blood flow, improve left 
ventricular function and decrease neutrophil infiltration 
(9-14). 

Hu23F2G (LeulcArrest), a humanized antibody against 
all four leukocyte integrins, has been shown to inhibit 
leukocyte attachment and transmigration (15). In normal 
volunteers, a greater than 80% saturation of the CD11/ 
CD18 neutrophil receptor inhibited chemo taxis of granu- 
locytes using a skin chamber (personal communication, 
ICOS Corp.). In a pilot study of 60 patients undergoing 
primary angioplasty with acute MI, using the same doses as 
used in this study, an 80% saturation of the receptor was 
demonstrated from 24 to 48 h (29). Given the negative 
results of this study, it is possible that this degree of 
saturation of neutrophil CD 11/CD 18 receptors is insuffi- 
cient to reduce infarct size. It is possible that the use of GP 
Ilb/lIIa agents in this study may have influenced the results. 
Some studies have suggested that abciximab inhibits the 
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MAOl receptor, and this may have similar effects to 
LeukArrest (30). The results of the Limitation of Myocar- 
dial Injury following Thrombolysis in Acute Myocardial 
Infarction (LIMIT AMI) trial, which used an antibody 
against the CD18 receptor in patients with acute MI 
receiving thrombolysis, also failed to show a significant 
difference in infarct size as measured by Tc-99m sestamibi 
or TIMI flow (31). 

Other agents to reduce reperfusion injury. Clinical trials 
of many other agents directed toward reducing reperfusion 
injury have been similarly disappointing, Prostacyclin, fluo- 
sol, magnesium, poloxmer 188 (rheothnc) and tremetazidine 
have also failed to reduce infarct size in randomized clinical 
trials (32-34) (M. Marzilli, unpublished data). In contrast, 
adenosine has shown promise (35,36). Adenosine is a 
potent vasodilator that also has cardioprotective properties, 
most likely through the replenishment of high -energy 
phosphate stores, inhibition of oxygen-free radicals, inhibi- 
tion of neutrophils and improvement of microvascular flow 
and ischemic preconditioning (36). The Acute Myocardial 
Infarction Study of Adenosine (AMISTAD) study showed 
a 33% reduction in infarct size, particularly in patients with 
anterior MI (15% vs. 45.5%), when given to patients at the 
time of thrombolysis (35). In contrast to the AMISTAD 
study, this study had a very low incidence of complications 
and death. This could be due to the effectiveness of primary 
angioplasty in the treatment of acute MI and/or other 
variables, such as patient selection. Although the sites 
chosen to participate in the study had considerable clinical 
experience in primary angioplasty, the majority were not 
academic medical centers. Therefore, the results are likely to 
reflect the contemporary practice of primary angioplasty in 
patients with their first ST elevation infarction. 
Study limitations. This study was sized to demonstrate a 
decrease in infarct size of 8.5% of the left ventricle in 
anterior MI and a decrease of 3.2% in inferior MI. The 
design assumptions were fairly well satisfied, with an 80% 
power. However, the study was underpowered to detect a 
smaller degree of benefit. Because the area at risk was not 
measured, it is possible that measurement of myocardial 
salvage would have been a more sensitive measure than final 
infarct size. Previous studies, however, have shown a close 
relationship between the two (18), and the logistical issues 
led to the decision not to determine myocardial salvage. The 
dose was chosen to insure at least 80% granulocyte receptor 
saturation for 12 to 24 h, which in Phase 1 studies in normal 
volunteers resulted in a significant inhibition of chemotaxis, 
using a skin window study. However, the dose of drugs and 
the timing of administration may not have been sufficient to 
inhibit the intense neutrophil accumulation known to occur 
during acute ML Experimental studies have shown that 
higher doses are necessary to demonstrate neuroprotection. 
Although infarct size has been established as a surrogate end 
point for acute MI trials (19), it is possible that the therapy 
might have clinical benefits independent of infarct size, 



which might have been detected in a much larger trial using 
clinical end points. 

Conclusions. The results of the multicenter, randomized 
trial demonstrate that an antibody to the CD11/CD18 
leukocyte integrin receptor did not reduce infarct size in 
patients undergoing primary angioplasty. Ongoing studies 
of other leukocyte integrin receptor blockers will help to 
better define the role of neutrophil inhibition in reducing 
infarct size. 
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APPENDIX 

For a complete list of HALT-MI Investigators, please see 
the October 2, 2002 issue of JACC at www.cardiosource. 
com/jacc.html. 
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Chapter Eight 

Antithrombotic drugs 

H Coenraad Heraker, Peter LA Giesen, Robert Wagenvoord & 
Suzette Beguin 

Cardiovascular Research Institute (CARIM), Maastricht The Nethwlands 
Emerging Drugs (J999)4;J75.195 

1. Summary 

The haemostatie-thromMk system (HTS) can be inhibited at dozens of 
different sites by hundreds of different drugs. The ideal antithrombotic is 
an inhibitor that downxegulates the HTS without causing bleeding or 
other side-effects, and that can be given orally in a fixed dose. These are 
pharmacological criteria. Indeed, the three current therapies (heparins, 
oral anticoagulant therapy and aspirin) act by completely different 
mechanisms. It is not the mechanism of inhibition which is important but 
the pharmacological properties of the inhibitor; no compound has been 
found that inhibits the HTS and does not show an antithrombotic effect. 

The HTS is a non-linear system containing a number of nested positive 
and negative feedback loops. At the present state of knowledge it is 
impossible to predict the effect of inhibition" of a single reaction on the 
response of the complete system. For this reason one cannot predict the 
antithrombotic potency of a compound from its biochemical properties, It 
is shown that clotting tests, measurement of platelet aggrega- 
tion/adhesion or tests of individual functions within the system are only 
of limited use. Antithrombotics therefore should be evaluated by their 
action on a representative function test of the complete HTS. Such a test is 
not routinely available at the moment. Two promising possibilities are 
flow chambers using non-anticoagulated blood and thrombin generation 
in blood or platelet rich plasma (PRP). 

2. Background 

Thrombosis is caused by the same mechanism that causes haexnostasis. 
Administering antithrombotic drugs therefore requires careful manipu- 
lation of the balance between thrombosis and bleeding. For the safe use of 
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antithrombotic drugs, we need a probe for the functional status of the HTS. Such a test is not 
routinely available at this moment Bleeding times are hopelessly inaccurate [1] and clotting 
times are to be considered surrogate variables of limited use. There is no general test to 
indicate hypercoagulability and thrombosis risk, or to monitor the effect of antithrombotic 
treatment. Current management of thrombosis is like managing diabetes by the taste of the 
urine, or hypertension with only a pulse to feel 

This situation has an immediate influence on the search for new antithrombotic drugs. 
There is no easy, valid laboratory test to indicate therapeutic efficacy or optimal dosage. The 
r esearc h goal is defined in terms like 'doubling the activated partial thromboplastin time 
(aPTT)' or 'inhibition of platelet aggregation' that have, at the best, a semiquantitative 
relation to haemostasis and thrombosis. Further testing is in animal thrombosis models 
and, eventually, clinical trials. 

In this article we will defend the position that it is unimportant how the function of the HITS 
is inhibited as long as the inhibition fulfils certain pharmacological criteria. Consequently, 
we will not dwell in detail on individual mechanisms of inhibition or on inhibitor design. 
Rather we will stress the importance of assessing HTS function as a whole. 

3. Medical need 

In recent years it has been firmly established that virtually every arterial occlusive event 
(such as myocardial or cerebral infarction) is due to the formation of a local thrombus on a 
damaged internal surface of the vessel Thrombin plays an all-important role in this process 
[2-6]. A damaged wall exposes triggers for thrombosis, such as tissue factor (TF) present in 
the smooth muscle cells of neointima [71 in the adventitia and in the plaque [S-10], as well as 
the platelet-activating collagen surface [11]. Non-ocdusive arterial thrombosis may lead to 
downstream occlusion if the thrombus is carried with the bloodstream. In strategic 
positions, such as the carotid arteries, this may have serious consequences. Arterial 
thrombosis is not only the consequence of atherosclerosis; through microthrombus 
formation it also plays a role in the development of arterial wall degeneration. Furthermore, 
venous thrombosis and its sequelae, ranging from sudden death due to pulmonary 
embolism to chronic leg-ulceis, is not a negligible source of illness. At this moment, in the 
Western World, arterial and venous thrombosis and atherosclerosis together are respon- 
sible for well over 50% of all mortality and serious morbidity. In a few decades this will be 
the case worldwide [12]. Good antithrombotic drugs, therefore, are a necessity. 

3.1 Existing treatment 
3JJ Heparins 

Heparins, either unfractionated (UFH) or of the low molecular weight type (LMWH) [14], 
reduce the incidence of thrombosis by about 50%, They have the drawback of parenteral 
administration. They may cause antithrombin (AT) deficiency, thrombocytopenia, 
bleeding and a few more rare side-effects. The methods for laboratory control of heparin 
dosage, notably the aPTT, are inadequate. The question of whether adapted doses of 
heparin would do better than current practice remains unsolved because control methods 
to guide the adaptation are not available. Prolonged heparin treatment, in particular with 
UFH, is not favoured. 
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3.1 J Oral anticoagulation 

Oral anticoagulation (OAC) is maintained with coumarin congeners, Le., anti-vitamin K 
drugs- They inhibit the oxidation reduction cycle of vitamin Kin the liver, required for the 
normal y-carboxylation of the clotting Factors II, VII, DC and X, protein C and protein S, 
There are large variations in individual need and many drug interactions (e.g., with 
sleeping pills and alcohol). Therefore, regular control of the level of anticoagulation is 
necessary. This can be readily carried out via determination of the thromboplastin time and 
expressing the result as an international normalised ratio (INR). 

3.1.3 Aspirin 

Aspirin is the only antiplatelet drug in general use. The effect is dose-independent between 
40 and 1000 mg/day. There are few complications seen. The protective effect in venous 
thrombosis is not significant and in arterial thrombosis it is modest (10 - 20%). Tidopidine 
and dopidogrel (Iscover™, Plavix™) are alternative possibilities- Abdximax, the antibody 
against the fibrinogen receptor of plasma, is used in acute coronary infarction. 

4, Therapeutic class review : 

Heparins are gly cosaminoglycans with molecular weights ranging from 1500 to 100,000 Da 
[14]. Those that contain a specific pentasaccharide sequence bind to AT and catalyse the 
irreversible inhibition of activated dotting factors by this plasma protein* The inhibitory 
capadty of AT towards thrombin is roughly three times that towards Factor Xa; that 
towards iXa and XIa is smaller and probably without practical significance. The relative 
activity against the different factors is not changed by heparin, with one notable exception: 
heparins smaller than 5400 Da will not cause inactivation of thrombin, but do catalyse that 
of Factor Xa. Inhibition of Factor Xa is an inefficient way to inhibit thrombin formation. 
LMWHs contain a fair amount of molecules of < 5400 Da, whereas TJFH does not; therefore 
LMWHs have a higher anti-Xa activity than UFH. The difference is small in the presence of 
Ca ++ ions (i.e v m vivo) but appears much larger in the usual in vitro test, where Ca ++ is absent 
[15J. A high anti-Xa activity has been the guideline in searching for efficient LMWHs [14]. 
Despite the ineffidency of Factor Xa inhibition this has led to useful products, because 
preparations with a high anti-Xa activity also contain a large proportion of material in the 
5400 - 9000 Da range. Such material is an efficient anticoagulant because of its persistent AT 
activity, together with a high bioavailability after sc. injection 116,17], It has also been 
surmised that the very large molecular weight components present in UFH, but not in 
LMWH, have specific haemorrhagic properties [18]. In retrospect, the anti-Xa activity must 
be considered largely an artefact; LMWHs are good drugs developed on the basis of a 
mistaken concept 

AT only partially inhibits dot-bound thrombin, if at all. Heparin co-factor II (HCH) [19] is 
capable of inhibiting thisihrombin, but only in the presence of relatively high concentra- 
tions of acid polysaccharides (dermatan sulfate, pentosan polyphosphate, lactobionic acid, 
etc) [20-24], Heparin can also activate HCII, but at doses much higher than the normal 
therapeutic and preventive ones. 

4.1 Direct thrombin inhibitors 

The prototype of direct thrombin inhibitors is hirudin [25-28], which has proven its value in 
experimental thrombosis as well as in clinical trials. Indeed direct thrombin inhibition is a 
feasible route to obtain antithrombotic action [6,29-33]. Modern techniques of 
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combinatorial chemistry can construct large peptide derivative libraries and facilitate the 
search for specific inhibitors [34,351- There is also continuous interest in natural inhibitors 
from haematophagous animals and other sources [36-40], CVS1123 [41], inogatran 
(HA-31427) [42-44], melagatran (H-31968) [42-47] and napsagatran (Ro46-6240) [48], and a 
large variety of others [49-65]. Some have been tested in the clinical situation. Most of them 
are administered parenterally, but oral administration is feasible [66]* The overall impres- 
sion is that, like hirudin, they can replace heparin, without showing obvious advantages 
except their use in AT deficiency and their ability to inactivate dot-bound thrombin 
[44,49,67,68]. 

There is an essential difference between irreversible thrombin inhibitors (such as hirudin) 
and reversible ones (such as argatroban [Novastan™]). The irreversible ones bind with 1:1 
stoichiometry to thrombin. If drug administration is stopped, the inactivated thrombin 
molecules remain inhibited. Serious bleeding problems are to be expected as soon as the 
concentration of an irreversible inhibitor approaches the level of prothrombin in plasma 
(^2fiM), so that all the thrombin that can be formed is immediately inhibited. Reversible 
inhibitors bind a fraction of the available thrombin; the proportion inhibited is dependent 
upon the inhibition constant (Kj = the concentration at which half-maximal inhibition is 
observed) and upon the concentration of the inhibitor. If the concentration of the inhibitor 
decreases, the inhibition is relieved. Reversible inhibitors probably act because they 
diminish thrombin concentration at the site of thrombosis, where thrombin formation is 
triggered. They will enter into competition with the natural substrates of thrombin 
(procoagulants: e.g v fibrinogen; Factors V, VIII, XI; platelets, as well as anticoagulants: e.g., 
thrombomodulin). All reversibly inhibited thrombin molecules will be eventually released 
and taken over by natural, irreversible inhibitors (e.g., AT). So, irreversible inhibitors arrest 
thrombin action and reversible ones dampen it. Both mechanisms seem to lead to 
antithrombotic activities. It is unknown to the authors whether there are fundamental 
differences in haemorrhagic properties. 

42 Direct inhibitors of other clotting enzymes 

A large number of natural and synthetic inhibitors of Factor Xa has been described 
[35,69-86]. The original idea behind their development was that it is more efficient to inhibit 
thrombin production ('dosing the tap') than thrombin itself ('mopping the floor'). This 
view, based upon the early concepts of the clotting cascade as a linear mechanism, became 
untenable as soon as it was realised how important thrombin-mediated feedback reactions 
are and how important Factor Xa is for the inhibition of the TF Factor Vila complex 
(TF-VIIa) via tissue factor pathway inhibitor (TFFI). Also, Factor Xa has to be inhibited by 
90% in order to inhibit prothrombin conversion by about 50%. 

Inhibition of the first step in thrombin generation, i.e v at the level of Factor Vila and TF, is 
also possible [87-89], An interesting concept is the inhibition of TF by the administration of 
recombinant active site-inhibited Factor Vila [90-92], or by peptides that mimic part of this 
molecule (93]. 

All Vila and Xa inhibitors tested appear capable of inhibiting experimental thrombosis 
(e.g., [94-96]). They have not yet been used in the clinic, and it is not established whether 
they show specific advantages. However, an important finding has recently been made that 
shows that circulating TF plays a role in the formation of the thrombus [170]. A competitive 
Vila inhibitor could inhibit this thrombus formation. Theoretically, this approach towards 
thrombus prevention would ha ve a broad therapeutic range since the amount of circulating 
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TF is much easier to inhibit than the local TP exposure after vessel damage, thus minimising 
bleeding risk- 

The main result from research on direct inhibitors as a group is that any inhibitor of the 
clotting system, independent of the enzyme that it attacks or of the mode of inhibition is 
antithrombotic, in any thrombosis model. 

4 J Platelet inhibitors 

Many excellent reviews on platelet inhibitors have been published [ e.g., 97,98]. Aspirin, in 
all probability, acts by irreversibly inhibiting eydooxygenase and, thereby, platelet 
thromboxane A 2 (TXA 2 ) synthesis [99). Other non-steroidal anti-inflammatory drugs 
(NSAIDs) and sulfinpyrazone inhibit the same enzyme reversibly. Dipyridamole increases 
intraplatelet cyclic AMP (cAMP) [99-101], as do prostaglandin El and prostacyclin (which, 
due to its instability, is of limited therapeutic use) [102,103]. Stable analogues of the latter 
are iloprost (SH-401) [104,105] and ciprostene (U-6U31F) [106]- Thromboxane synthase 
inhibitors and inhibitors of the thromboxane receptor are of doubtful efficiency [107]. 
Ketanserin, one of the group of serotonin receptor antagonists seems to do no better 
[108,109]. 

Inhibitors of the ADP receptor, such as tidopidine [110-113] or dopidogrel [114], are better 
than aspirin and may be combined with it Inhibitors of the platelet fibrinogen receptor 
glycoprotein (GP) Ilb/HIa have shown promising results [115-119]. 

Platelet inhibitors have been developed as inhibitors of adhesion or aggregation. Recently, 
it appeared that all those tested hitherto also inhibit thrombin generation in PRP. Aspirin, 
for example, causes an inhibition of about 10%, roughly equal to the reduction of arterial 
thrombosis that is seen in large clinical trials. Prostacyclin analogues also inhibit thrombin 
generation in PRP [120] (unpublished observations). Inhibition of GP lib /Ilia, the 
fibrinogen receptor of the platelet membrane, reduces thrombin generation by about 50% 
[121,122]. Administration of these inhibitors produces the same defect as is congenitally 
present in GLarizm^^J^pmbasthenia, a disease in which a diminution of thrombin 
generation is observed [121,122]. Also, inhibition of von Willebrand factor (vWF)/ GPIband 
the vWF receptor strongly inhibits thrombin generation in PRP [123,124]. Thrombin 
generation in PRP is evidently also dependent upon the function of the plasmatic dotting 
factors and upon the interactions between plasma and platelets. This suggests that 
thrombin generation in PRP and/or blood might be a good screening technique for 
antithrombotics, independent of whether they act via the platdet or as anticoagulants. 

5» Current research goals _ '_ 

The ultimate research goal is an antithrombotic that decreases the incidence of thrombosis 
(of any type) by more than 50%, that can be administered orally, that is immediately active, 
that can be given in a standard dosage without requiring laboratory control and that does 
not cause bleeding when overdosed. None of the available antithrombotics fulfil these 
criteria. 

The complicated HTS lends itself to inhibition at a large number of sites, each of them a 
potential target for pharmacological action. The three established therapies have 
completely different modes of action. Multiple other modes of inhibition have been shown 
to work in experimental thrombosis. This proves that the desired goal can be attained in 
many different Ways. The question of what specifi c target in the HTS should be attacked in 
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order to obtain the ideal antithrombotic is often posed. It is mostly answered a priori by 
theoretical considerations that need to be corroborated a posteriori by animal thrombosis 
experiments. The result, as stated, is that any inhibition entails antithrombotic activity. 
Advanced knowledge of the subsystems of the HTS may, in the long run, give the answer. 
This goal is not within easy reach however. At this moment it would be more useful to 
conceive of a screening test that represents total HTS function, and that is simpler and less 
expensive than animal thrombosis models. 

5.1 Laboratory models for the function of the HTS 

The ideal model like real thrombosis, should respond in a similar way to clinically effective 
concentrations of all antithrombotics independent of the moleculr focus of their effect This 
means that clotting times in PRP (and a fortiori inhibition tests of individual clotting factors), 
platelet aggregation or adhesion tests carried out in anticoagulated PRP, are not reasonable 
options. In view of their widespread use, we will nevertheless discuss clotting times in more 
detail. 

5.2 Clotting times 

Blood (plasma) dots when more than 95% of the prothrombin is still to be converted [120]. 
Clotting times do not reflect the amount of thrombin that is still to be formed at the moment 
of clotting. Yet it is the amount of thrombin that determines the extent of the thrombotic 
reaction. Therefore, a clotting time will not reflect directly the relevant parameter. This is 
also seen from the fact that a different type of clotting time is required for estimating the 
effect of different types of anticoagulants. The thromboplastin time or 'prothrombin time' 
(FT), for example, indicates the depth of oral anticoagulation but is not sensitive to the effect 
of heparin. The aPTT is particularly sensitive to variations in the concentration and/or 
activity of Factor VTT1 and UFH, but not to LMWH and activators of HCIL Doubling the 
aPTT is thought to represent adequate heparin administration- This is based on very limited 
studies in animals [125] and man (126,127]. There is no relation between recurrent 
thromboembolism and the aPTT response [128]. The mechanism by which direct thrombin 
or Factor Xa inhibitors prolong the aPTT is significantly different from that of heparin [129]. 
Nevertheless 'doubling the aFTT' is also used as an indicator for therapeutic action with 
any type of clotting inhibitor. We conclude that clotting tests are not a valid general 
indicator of antithrombotic action. This does not mean that they cannot be used in special 
cases: the thromboplastin time is a good indicator of oral anticoagulation [130] and the 
Ecarin time is useful in assessing the level of direct thrombin inhibitors 1131,132], 

SJ Platelet tests 

Platelet aggregation and flow-chamber or other tests that are carried out on washed 
platelets or on PRP in which the coagulation mechanism has been inhibited, will not reflect 
interactions between platelets and the clotting system, and therefore are of limited use 
[133-135]. Experiments in which non-anticoagulated blood is passed through a flow 
chamber containing a thrombogenic surface are not subject to this drawback. A model 
system that tries to mimic the concert of thrombotic triggers and flow parameters has been 
developed [136-140]. A flow chamber is directly coupled to the antecubital vein of a 
volunteer, and flow of non-anticoagulated blood is metered by a peristaltic pump. The flow 
chamber contains a piece of the media of a pig aorta, cultured endothelial cells, smooth 
muscle cells or collagen-coated surfaces and human atherosclerotic plaques. After the 
experiment, the exposed material will be stained and examined for platelet and fibrin 
deposition. Drugs can be administered and tested for antithrombotic properties. This 
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model for thrombosis has proven to be a workable system that closely mimics physiologic 
reality under standardised conditions. 

5.4 The thrombin generation curve 

The thrombin generation curve (TGC), one of the oldest tools of the dotting trade, has lately 
become the subject of renewed interest [15,74,120,122-124,141*44], It contains all the 
relevant information on the physiological function of the coagulation system. The area 
under the curve (the endogenous thrombin potential (ETP) [142]) represents the total 
enzymatic action that thrombin can develop during its lifetime in plasma. In blood and in 
PRP, the ETP can be measured from a TGC obtained by subsampling. If a substrate with the 
right kinetic properties is added to plasma, thrombin generation can be monitored continu- 
ously as the first derivative of the product-time curve. At this moment, only ehromogenic 
substrates have been described for this use so that the method is restricted to defibrinated 
PRP. 

We demonstrated that higher than normal ETP is seen in all blood-based thrombosis-prone 
states tested, either congenital (e.g v deficiency of AT, protein S or protein C factor V t*iden, 
prothrombin 2D210A) or acquired (e.g., from the use of contraceptive pills)* In coronary 
infarction, months after the acute phase as well as in patients presenting with a deep vein 
thrombosis, the ETP is increased . In the haemophilias (deficiency of Factors VII, IX and XI) 
the ETP is significantly lower than normal [145]. 

O AC treatment (INK = 1.5- 3.0) decreases the ETP to 2D - 40% of normal. Heparin admini- 
stration in the therapeutic range has the same effect. The ETP also accurately reflects the 
effect of mixed OAC and heparin treatment. Platelet aggregation inhibitors diminish 
thrombin generation in PRP. In fact, we encountered no anticoagulant that would not 
decrease the E1P in PRP, and no antiplatelet agent that would not inhibit the E1P in PRP. 
This made us think that the ETP in PRP might be a useful model for antithrombotic action. 



6. Scientific rationale 

The HT5 is traditionally seen as the result of the sequential action of primary and secondary 
haexnostasis. The first, reflected in the bleeding time, is considered to be a platelet function 
and its overshoot is the arterial, platelet-rich thrombus. The second is seen as an activity of 
the plasmatic clotting mechanism; the plasma clotting time is considered the relevant test 
and venous thrombosis the pathological derailment. 

The separation has been artificially stressed because platelet adhesion and aggregation are 
studied in anticoagulatedblood, and clotting in platelet-free plasma. Under these experi- 
mental circumstances the co-operation between platelets and coagulation is artificially 
prevented. The impressive increase of our knowledge of the details of the clotting 
mechanism and platelet function tends to favour further subdivision. This is reflected in 
drug research. Not only is a sharp distinction made between anticoagulants and platelet 
inhibitors, but often a more restricted target is defined (e.g., Factor VHan or G-proteins) and 
screening is for an action on that target rather than on global functioning of the HIS. 

It is becoming increasingly dear that, in vivo, the UTS functions by the concerted action of 
platelets and plasma, rather than as a consequence of an adhesion-aggregation function of 
the platelets and a clotting function of the plasma (Figure 1). Thrombin is the most potent 
platelet activator, and platelet activation i s essential for thrombin generation. 
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Figure 1; Outlines of the interactions between the coagulation system and the platelet glycoprotein (GP) lIMUa 
and GMb receptors (from! 1231). 
VWF: von Willebcand factor. 




Anticoagulants inhibit arterial as well as venous thrombosis [146,147]. Platelet inhibitors 
inhibit thrombin generation in PRP, etc. 

This is not the place to discuss the mechanisms in detail. We refer to books and review 
articles for this purpose. Here we only sketch outlines, together with some recent findings 
that may have an important bearing on drug development. 

In the plasmatic coagulation sy stem, Factor Xa is formed by the action of the TF-VIIa. Factor 
Xa binds to TFPI, and the TFPI-Xa complex inhibits the TF-VIIa complex. Thrombin 
activates Factors V, VIII and XI and so accelerates its own generation, but it also binds to 
thrombomodulin and so starts the protein C mechanism that breaks down Factors V and 
VDU, thus indirectly inhibiting further thrombin generation. An important fraction (~ 30%) 
of all thrombin formed in clotting plasma is bound to the fibrin clot. Clot-bound thrombin 
does retain its thrombotic properties; it can dot fibrinogen, activate Factors V, VIII and XI 
and platelets [123,148,149]. It is not inhibited by AT and, upon fibrinolysis, it may reappear 
in circulation. 

Four different thrombin receptors have been described on the platelet membrane. 
Thrombin action causes GPIIb/Iua receptors in the platelet membrane to bind fibrinogen, 
which causes platelet aggregation. GFIIb/IIIa activation also leads to the exposure of 
procoagulant phospholipids in a vWF-dependent reaction [123,124]. These phospholipids 
are required for the proper activation of Factor X and prothrombin. Lately, the picture has 
been complicated by the discovery that fibrin, previously thought to be the inert end 
product of coagulation, plays an active role itself. It binds and activates v WF, which in turn 
activates platelets via GPIb, and provokes the exposure of procoagulant phospholipids via 
an alternative pathway. 

Thus, the co-operation between platelets and the coagulation system is central to the HTS, 
and the mechanism shows an abundance of positive and negative (often nested) feedback 
loops. This necessarily is a non-linear system [ 150] . In the most simple terms this means that 
the dose-response relationships become highly unpredictable ('chaotic'). Furthermore, 
thrombin generation reactions often go to completion, so that classical initial rate kinetics is 
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of limited applicability. The literature abounds with studies that conjecture on antithrom- 
botic effects of enzyme inhibition on the basis of oversimplified models. Extensive experi- 
ence in enzyme kinetics tells us that our knowledge of the system (and of non-linear systems 
in general) is simply insufficient to predict such effects. We may be glad if we can 
understand certain phenomena a posteriori. 

An example is the much-debated issue of inhibition of Factor Xa. The original idea was that 
it was more efficient to inhibit the prothrombin^onverting enzyme (Factor Xa) than the 
product (thrombin) [151,152]. This seemed a very logical idea until it was fully recognised 
that, under physiological circumstances, Factor Xa requires thrombin-activated Factor V to 
increase its turnover number 1154], and needs adsorption onto procoagulant phospholipid 
to decrease its below the plasma concentration of prothrombin [153], The amount of 
prothrombin-converting complex that can be maximally formed is not higher than the 
scarcest component. InPRP, with adequate amounts of phospholipid added, it is easily seen 
that the rate-limiting component is not Factor Xa. The reasons are: 

• the plasma concentration of Factor X is approx- 120 nM, whilst that of Factor V is approx. 
20 nM, which may rise to 40 nM if the platelets release their Factor V [155] 

• the serum concentration of Factor X is considerable ('stable factor*)/ whereas that of Fac- 
tor V is near to zero ('labile factor') 

• decrease of the Factor Va concentration wfl the APC system efficiently limits prothrom- 
bin conversion. 

In PRP, the rate limiting component is neither Factor Va nor Factor Xa, but the exposure of 
procoagulant phospholipids by the platelets [120). Still doser to real life, if the procoagulant 
phospholipid surface is much larger than the molecules involved, as in the case of platelets 
sticking to a wounded surface, the reaction is diffusion-limited and therefore no longer 
dependent even upon the concentration of the prothrombinase complex on the surface. 
Only the concentration of prothrombin in the plasma counts [156-158]. Therefore, there are 
many arguments to show that, in dotting plasma, Factor Xa is available in excess and has to 
be inhibited by 90% in order to inhibit prothrombinase activity by 50%. 

Still, it is often argued that one can expect from direct Factor Xa inhibition an efficacy safety 
ratio superior to that achieved by inhibiting thrombin once it is formed. There is no rational 
theoretical basis for this statement as soon as one realises the importance of thrombin- 
mediated feedback reactions, and the excess of Factor Xa present in clotting plasma. This 
does not mean to say that Factor Xa inhibition may not be the mechanism iTia which good 
antithrombotic efficiency can be obtained. If it is pushed far enough it may certainly cause 
inhibition of prothrombin conversion. It is only meant as an iUustratian that predictions on 
the basis of available theory are precarious. At a previous state of knowledge, one would 
expect a benefit of Factor Xa inhibition. At present, one would rather predict a narrow 
therapeutic margin (viz. that between 90 - 100% inhibition of Factor X). It is the very essence 
of this artide to show that even sophisticated theoretical arguments cannot predict the in 
vivo behaviour of an antithrombotic, but that a physiological test of the overall function of 
the HTS is needed instead. Nevertheless, it is a rewarding operation to refute theoretical 
considerations that are no longer up-to-date, but that tend to survive in pharmaceutical 
circles. 

The proof of the pudding will remain in the eating. It has been shown that thrombin genera- 
tion can be effectively inhibited by the injection of the pentasacch aride with anti-Factor Xa 
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activity [159]. This pentasaccharide (Sanofi [SP/90107]; Organon (Org31540]) is now in 
Phase II clinical trials. DX9065a (Daiichi) is in Phase I clinical trial and TFPI SC59735 is in 
Phase II, If there are any specific advantages of Factor Xa inhibition they will be seen in such 
studies. 

7. Potential development issues 

7.1 Catalysts of physiological inhibition 

7Jj Purer preparations of the active fractions within natural heparins 

Heparins, as they are presently obtained from natural sources, are highly heterogeneous 
[14]. Apart from the anticoagulant molecules, there is 50 - 80% of other material that is not 
necessarily without biological action. Also, it has been postulated on good grounds that 
material with a molecular weight lower than 5400 is much less active than higher molecular 
weight material [160-162], whereas material larger than about 9000 has an extremely low 
bioavailability [16]- In addition, it might be more haemorrhagic than lower molecular 
weight material [18]. 

7.1 j Synthetic heparins 

It has been an important achievement of Petitou (within the Choay group) to synthesise the 
pentasaccharide that is responsible for high affinity AT binding in natural heparins. Later 
research in the Sanofi and Organon teams has led to variants with higher activity [163,164]. 
These materials have anti-Xa activity only. High doses can be given, however, so that 
thrombin generation can be inhibited in this way. In view of the much greater efficiency of 
AT action than of anti-Xa activity, it is to be expected that heparins in which a long inert 
glycosaminoglycan chain is attached to the active pentasaccharide would make a pure and 
very active heparin. 

7.13 Activators of heparin co-Factor II 

Dermatan sulfate and pentosan polyphosphate are long since known as antithrombotics 
[20,164465]. These drugs have the drawback that concentrations above the micromolar 
range have to be administered, which at a molecular weight of 10,000 to 100,000 requires 
administration of large amounts of therapeutic material. The development of pure, low 
molecular weight material should be considered. There is only 1 uM HCH in plasma. This is 
lower than the level of prothrombin (2 uM). Optimal activation of all HCH will not exhaust 
the thrombin-fbrming capacity of the plasma. Unlike heparin, which acts on 2.4 uM AT, 
activators of HCH cannot, therefore, be overdosed to cause bleeding. 

A special class of substances, the thioxylosides, is capable of altering synthetic reactions in 
the body of glycosaminoglycans that interact with HCH. Administration of these drugs 
raises the level of glycosaminoglycans in the plasma, and in this way activate HCH 
[166,167]. 

7-2 Direct inhibitors 

Enormous progress has been made in our understanding of the stereochemistry of clotting 
enzymes [1 68]. This, together with modern techniques of organic synthesis and screening of 
inhibitory activity [34], has provided us with a number of highly specific inhibitors of 
individual dotting enzymes, and no doubt more are to come. Sanderson and Naylor-Olsen 
[169] recently published an excellent review on thrombin inhibitor design, to which we 
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refer you for details. The hope is that from this line of research a compound will be identi- 
fied that can be administered orally, and that has pharmacokinetic properties which allow 
standard dosage without control. Evidently, one of the problems is the large amount of 
serine proteases present in the intestinal tract 

It will be clear from the above discussion that, in our opinion, there is no predictable relation 
between the biochemical mode of action of these inhibitors and the pharmacological 
efficiency. Elg et al compared the kinetic constants of eight different direct thrombin inhibi- 
tors and saw that; despite a 50,000-fold difference in Ki value, hirudin and melagatran had 
similar antithrombotic effects at around 0.14 uM plasma concentration [129]. These authors 
did report a relation between Jc^ and the slope of the dose-response curve of thrombus 
inhibition. In theory, a steeper slope indicates a narrower therapeutic interval. To judge 
inhibitors on this criterion does not seem realistic, however, as long as we are not certain 
that the pharmacokinetics allow maintenance of stable plasma levels and, more 
importantly, as long as the dose-response of haemorrhage is not known. 

7 J Platelet inhibitors 

At this moment, there are no inhibitors in clinical use that attack via GP Ib/IX, the receptor 
absent in Bemard-Soulier's disease. Antibodies against this inhibitor also strongly (-50%) 
inhibit thrombin generation. A combination of antibodies against both the GP lb and the GP 
Hb/nia/ffla receptors will almost completely abolish thrombin generation in PRP. vWF 
has been shown to be a necessary co-factor for both receptors; consequently, in the absence 
of this factor thrombin generation is almost nil. independent of the availability of Factor 
VIII. This suggests that interfering with these interactions can be an efficient means of 
antithrombotic action. 

We saw that fibrin can play an active role in the development of platelet procoagulant 
activity, and hence in thrombin generation and further thrombus growth. It may be 
interesting to try and find inhibitors of the (vWF-mediated) platelet-fibrin interaction, 
which might lead to early pacification of a growing thrombus. 

8. Editorial analysis - 

In the search for new and better antithrombotics, the open options are as big as the number 
of vulnerable sites in the HtS (i.e., every enzyme and every receptor involved) multiplied 
by the number of compounds that can inhibit each site). It is hard to believe that the ideal 
antithrombotic is not there tobe found. The question is how to find it. The present strategy is 
to first define a subsystem of interest within the HTS; this clotting factor, that membrane 
receptor. Then a test is set up for that subsystem. Promising compounds are selected on the 
basis of their performance in that test. Such compounds are then tested in animal 
thrombosis models and may make it to the phases of investigation in humans. 

The problem lies in the choice of the subsystem to be tested. Clotting times and platelet 
aggregation/adhesion assays are only of limited use because they do not reflect interac- 
tions between platelets and the clotting system, recently shown to be extremely important 
More specific tests on individual dotting factors or platelet functions are even less fit for the 
task. The risk is that we find inhibitors of an irrelevant test, and pass by good antithrom- 
botics that do not inhibit this test. The example of LMWHs is a good illustration. These 
drugs were developed upon the criterion of Factor Xa inhibition, which later was shown to 
be of no relevance. Later research showed that the performance of these drugs is due to 
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thrombin-inhibition together with high bioavailability and, probably, absence of large 
molecular weight molecules that induce bleeding. 

Therefore, there is an obvious need for a representative, functional test of the HTS. This test 
should respond quantitatively in the same manner to any antithrombotic given at a dosage 
within its therapeutic window. It should, for example, be equally sensitive to doses of 
antiplatelet drugs and anticoagulants of comparable efficacy. 

There are two tests in which the interaction between platelets and plasma is not artificially 
disrupted: thrombin generation in PRP (or whole blood), and flow chamber experiments in 
which non-anticoagulated human blood is drawn over a throznbogenic surface. Both tests 
require much development. In our opinion, progress in technical development of this type 
of test would be a major step forward in the search for the ideal anticoagulant 
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Neutrophil activation after percutaneous 
transluminal coronary angioplasty 



We investigated whether percutaneous transluminal coronary angioplasty (PTCA) would Induce ., 
neutrophil activation In patients with coronary artery disease. Blood samples were; taken from the 
coronary sinus In 14 patients who underwent PTCA and in 9 control subjects who underwent 
coronary arteriography (CAG). Flow cytometry was used to measure membrane surface 
expression of fc hitegrln (CD11b) and thS generation of hydrbftefi peroxide in neutrophils after ex ^ 
vivo phorbol myristate acetate slimulation by 2/7'4icMorof%^ was , 

measured by an immunoenzymatic method. Surface expression of CD11b increased signrficaritly, 
approximately twofold, after PTCA but not*fter CAG, Mean flMorescence Intensity of , ' 
2 ' ,7 '-dichforofluorescein in stimulated neutrophils decreased fcignificamiy after PTCA, 
suggesting a previous In vivo activation; but not after CAa NeutrophO elastase increased h 
significantly after. PTCA but not after CAQ. These data indicate that PTCA inducea neutrophil 1-.H/.. 
activation and suggest that neutrophils may contribute to the techemic Injury. ( Am Weart J > 
1994;12&1091-8^ ■'■ . ':.?/'''{•' 
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Neutrophil activation appears to be a component of 
the atherosclerotic process involving the vascular 
wall 1 ' 2 and of ischemia-reperfusion myocardial inju- 
ry. 3 * 4 Activated neutrophils can release a variety of 
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'-i . ."...* 
mediators that are potentially deleterious to the 
heart, such as oxygen-derived free radicals, prote- 
olytic enzymes, and oxygenase-derived autacoids 
that are capable of inducing platelet aggregation, 
vasoconstriction, and direct inflammatory tissue 
damage. Indeed studies have demonstrated that 
ischemic myocardial injury is reduced by experimen- 
tally depletion of neutrophils by antineutrophil an- 
tibodies or filters or by antiinflammatory agents that 
alter neutrophil function. 5 ' 6 Neutrophils may thus 
exert direct cytotoxic effects on coronary vascular 
and myocardial cells. 

Percutaneous transluminal coronary angioplasty 
(PTCA) is widely accepted for treating patients with 
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Table I. Clinical profile of patients undergoing percutaneous transluminal coronary angioplasty 

Stenosis (%) 

ST-Segment 











Before 


A Mm. 

After 


Inflation 


changes during 


Patient 


Sex 


Age (yr) 


Dilated vessel 


PTCA 


PTCA 


time (sec) 


inflation 


1 


M 


60 


J A V\ 

LAD 


77 


36 


120 


No change 


2 


M 


58 


T A T\ 

LAD 


OA 

84 


39 


120 


Vtl A * 

Elevation 


3 


M 


54 


Cx 


100 


31 


240 


No change 


4 


M 


59 


LAD 


87 


36 


150 


Elevation 


5 


M 


52 


LAD 


94 


47 


180 


No change 


6 


M 


68 


LAD 


82 


34 


270 


Elevation 


7 


M 


68 


Cx 


80 


36 


210 


Depression 


8 


M 


62 


LAD 


86 


42 


270 


Elevation 


9 


M 


61 


LAD 


85 


23 


150 


Elevation 


10 


M 


41 


LAD 


100 


46 


360 


No change 


11 


M 


67 


LAD 


90 


40 


90 


Elevation 


12 


M 


55 


LAD 


86 


38 


120 


Depression 


13 


M 


52 


LAD 


81 


47 


180 


Depression 


14 


F 


62 


Cx 


79 


40 


180 


Depression 


Mean ± SE 




57.8 ± 1.8 




86.5 ± 1.9 


38.2 ± 1.7* 


188.6 ± 20.0 





Cx, Circumflex coronary artery; LAD, left anterior descending coronary artery; PTCA, percutaneous transluminal coronary angioplasty. 
*p < 0.0001 compared with before PTCA. 



coronary artery disease. PTCA can be regarded as a 
clinical model of ischemia-reperfusion because its 
procedures are characterized by successive short pe- 
riods of myocardial ischemia/ 
study was to examine whether PTCA induces neu- 
trophil activation associated with the membrane 
surface expression of 0 2 integrin, the generation of 
hydrogen peroxide, and the release of proteolytic en- 
zymes by activated neutrophils. "\; 

METHODS 

Patients. The study group consisted of 14 patients with 
one-vessel coronary artery disease scheduled for an elective 
PTCA (Table I). The^e 13 men and 1 woman ranged in age 
from 41 to 68 (mean 58) years. Ten patients Had a history 
of effort angina pectoris with no evidence of a previous in- 
farction, and 4 patients had had a ncn-Q-wave infarction 
(>6 weeks before the study). All patients had a viable my- 
ocardium as defined by the development of typical chest 
pain with ST-segment depression of >1 mm during an ex- 
ercise stress test or a reversible perfusion defect on exercise 
thalium-201 scintigraphy. Of 9 patients who received rou- 
tine coronary arteriography, 4 had angina pectoris and 5 
had had Q-wave infarction (>6 weeks before the study). 
These patients served as a control group and included 7 
men and 2 women whose age ranged from 45 to 69 (mean 
59) years. Written informed consent was obtained from all 
subjects. 

Protocol. All medications, including aspirin, nitrate, 
calcium-channel blocking agents, and ^-adrenergic block- 
ing agents were discontinued on the day of the procedure. 
After premedication with diazepam and local anesthesia, a 
7F catheter was advanced from an antecubital vein to the 
coronary sinus. A aheath was placed into a femoral artery 



for insertion of coronary angiographic and angioplasty 
catheters. Before the intracoronary manipulations were 
begun, an intravenous bolus of 5000 IU heparin was 
administered. All patients received isosorbide dinitrate 
during the procedure. Heparinized blood samples were ob- 
tained at the beginning of the procedure from the coronary 
sinus and frrm the guiding catheter in the aorta. Coronary 
angioplasty was performed with balloon dilai^ 
of 2.0 to 3.5 mm diameter; balloon size Was chra 
patient based on the diameter of normal segments adjacent 
to the stenosis. The balloon was inflated for 45 to 90 sec- 
onds at a pressure of 4 to 8 atm. PTCA was regarded as 
successful? when the stenotic segment was dilated so, that 
luminal narrowing was <50 % ; No significant complications 
related to the procedure occurred ; : •. 

Blood samples were obtained from the coronary: sinus 
immediately after, the PTCA procedure. Coronary artery 
diameter was measured with calipers at the site of maximal 
obstruction and at the proximal and distal portions of the 
obstruction, and percent luminal narrowing was calculated. 

The nine control patients underwent routine coronary 
arteriography. All cardiovascular medications were discon- 
tinued on the day of the procedure. These patients received 
an intravenous injection of 4000 IU heparin and isosorbide 
dinitrate during the procedure. Coronary arteriography 
was performed by Sones' technique. A 7F catheter was ad- 
vanced from an antecubital vein to the coronary sinus. He- 
parinized blood samples were obtained from the coronary 
sinus and from the aorta at the beginning and the end of 
the procedure. Blood was sampled at times corresponding 
to those used in the PTCA procedure. 

Flow-cytometric single-cell analysis. Neutrophil sur- 
face expression of CDllb was measured by flow cytometry. 
Heparinized blood was obtained from the coronary sinus 
immediately before and after the PTCA or coronary arte- 
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Fig. 1. Representative cytogram (A) and histogram (B) obtained by flow-cytometric single-cell analysis. 
Neutrophils can be distinguished from lymphocytes and monocytes by the combination of low-angle for- 
ward right-angle scattered laser light. After determination of region of interest of neutrophil population, 
histogram of fluorescence distribution was constructed. Relative mean intensity of fluorescence is presented 
as index of neutrophil activation. 



riography procedure. Monoclonal antibody (JML-H11) 7 
ducted against CDllb and fluorescein isothiocyanate- 
conjugated with the cell prepara- 

tion, and die test tube was placed in ice water for 30 min- 
utes. The erythrocytes were hemolyzed with 0.87% NH4CI 
lyaing solution. The sample was centrifuged at 100$ for 6 
minutes at 4° C. The pellet was suspended with 5 ml cal- 
cium- and magnesium-free Dulbecco's phosphate-buffered 
saline (PBS) solution containing 0. 1 % NaN? and again was 
centrifuged at 100^ for 6 minutes at i° C.^e peUet, dis-: 
solved in 2 ml PBSA, was used for flow-cytometric analy- 
sis. ^. , . '\ *..'..".""."'''!''■. !: *"_ *' 

A partial modification the flow-c^dmetric method 
developed by Bass et al. 8 was. used to measure t^e oxida- 
tive metabolic burst (hydrogen peroxide 'jgitf&.ration) ; ' in' 
neutrophils. Heparinized blood obtained from the coro- 
nary sinus was incubated for 15 min in a Dubnoff shaking 
water bath at 37° C with 6 fimol/L of 2', 7'-dichlorpfluo- 
rescein diacetate (DCFH-DA) (Eastman Kodak, Roches- 
ter, N. Y.) dissolved in ethanol (5 mmoI/L). The blood 
sample was then mixed with 10 ul phorbol myristate ace- 
tate with concentration of 25 fig/mL Immediately after in- 
cubation for 20 minutes, the test tube was placed in ice wa- 
ter. Next, 0.5 ml ethylenediamine tetraacetic acid adjusted 
with calcium- and magnesium-free Dulbecco's PBS con- 
taining 5 mmol/L glucose and 0.1% gelatin was added to 
prevent leukocyte aggregation* The sample was incubated 
again in a Dubnoff shaking water bath at 37° C for 20 min- 
utes. The test tube was then placed in ice water. Hemolyz- 
ation of erythrocytes and subsequent preparation for flow- 
cytometric analysis were performed as described earlier. 

Flow-cytometric analysis was carried out with the Spec- 
trum m (Ortho Diagnostic Systems, Raritan, N- J.). As 



shown in Fig. 1, neutrophils could be distinguished from 
lymphocytes and mo combination of low-: 

angle forward and 1^ light, and a 

cytogram of each cell population could be generated The 
region of mterest La the neutrophil population was identi- 
fied by an observer using a computer-aided outlining tech- 
nique. A histogram jpf fluorescence distribution was con- 
structed with the fluorescence intensity on the abscissa and,, 
the number of neutrophils on the ordinate; Log values were., 
converted to the :256 channels of the log amplifier, which 
corresponds closely to a 1000- foW scale. 
intensity of fluorescence was obtained from the fcfotogram 
arid expressed as an index of membrane surface ex^ 
or of hydrogen peroxide generation 

Measurement of neutrophil elaatase. Leveb of neutro- 
phil elastase in plasma were measured with an immunoen- 
zymatic method (PMN Elastase kit, Merck Immunoassay, 
Germany). 9 In brief, plastic tubes coated with antibodies 
specific to neutrophil elastase formed a complex with the 
neutrophil elastase-a] -proteinase inhibitor in the sample. 
After incubation, the unbound components were removed 
by decanting the supernatant and washing the tubes* En- 
zyme-labeled antibodies specific to the ai -proteinase in- 
hibitor were then added. Alkaline phosphatase was used for 
labeling, and 4-nitrophenyl phosphate served as the sub- 
strate. Substrate hydrolysis was stopped by adding 2 mol/L 
NaOH solution. The intensity of the color of the reaction 
mixture was measured as the change in absorbance at 405 
nm by a photometer (CL-750, Shimazu, Tokyo) and was 
proportional to the concentration of the neutrophil 
elastase-oi-proteinase inhibitor in the sample. The activ- 
ity of neutrophil elastase was determined from a calibra- 
tion curve. 
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Control <n=9) PTCA (n=14) 

Fig. 2. Changes in mean fluorescence intensity of CD1 lb 
in patients undergoing percutaneous transluminal coro- 
nary angioplasty (PTCA) and in control subjects undergo- 
ing coronary arteriography {open bars, before procedure; 
solid bars, after procedure). Mean fluorescence intensity 
after PTCA significantly increased, indicating approxi- 
mately twofold increase in surface expression of ft integrin 
on neutrophils. *p < 0.001 compared with before PTCA; 
tp < 0.01 compared with after coronary arteriography. 



Control (n=9) PTCA (n=14) 

Fig. 3. Changes in mean fluorescence intensity of 2',7'- 
dichlorofluorescein in ex vivo phorbol myristate acetate- 
stimulated neutrophils in patients undergoing percutane- 
ous transluminal coronary angioplasty (PTCA) and in 
control subjects undergoing coronary arteriography (open 
bars, before procedure; solid bars, after procedure). Mean 
fluorescence intensity after PTCA significantly decreased, 
suggesting that in vivo hydrogen peroxide generation in 
neutrophils was activated during. PTCA. *p K 0.001 comr 
pared with before PTCA; tP < 0.05 compared with after 
coronary arteriography. 



Statistical analysis. Values are presented as means 
± SE. Group means were compared by the two-tailed 
paired or unpaired Student's t test. Correlations for the two 
parameters were obtained by pimple linear regression 
analysis. Differences were considereo 1 statistically signifi- 
cant if the p value was <0.05. [\ ; / 

RESULTS -v 
. , Piercutaneous transluminal coronary angioplasty and 
control. The clinical profile of the paiierits who had 
fP^GA is shown in Table I. The procedure was suc- 
cessful in all patients. The degree of coronary steno- 
sis was significantly improved, from 86.5% ± 1.9% 
to 38.2% ± 1.7% (p < 0.0001). Balloon inflation time 
was 188.6 ± 20.0 (range 90 to 360) seconds. During 
balloon inflation, six patients had ST-segment ele- 
vation; four had ST-segment depression; and four 
showed no change in the ST segment. Of the patients 
with a ST-segment change, eight had chest pain. 
However, no serious complications leading to pro- 
gression or recurrence of myocardial infarction oc- 
curred. The amount of contrast medium used during 
PTCA procedure was 162.9 ± 9.5 ml. 

All patients in the control group had coronary ar- 
tery disease: one patient had three-vessel disease; 
five patients had one-vessel disease; and three pa- 
tients had mild coronary artery stenosis of <50%. 
The amount of contrast medium used during coro- 



nary arteriography was 146.1 ± 8.9 ml; which was hot 
significantly different from the amount used during 

ptca. - '. 

Surface ekpressioh of CD1 1b on neutrophils. Fig. 2 
shows changes in the mean fluorescence intensity of 
CDllb dn ^patients who underwent coronary arteri- 
ography orvRTCA.;fitt the ft control subjects who un- 
derwent /routine = coronary arteriography , no change 
in mean fluorescence intensity was observed in the 
coronary sinus (from 138.9 ± 4.7 to 136.2 ± 5.8; p 
not significant [NS]). In the 14 patients with PTCA, 
mean fluorescence intensity in the coronary sinus in- 
creased significantly after PTCA (from 138.1 ± 4.2 
to 162.5 ± 5.0, p < 0.001), The mean fluorescence 
intensities after PTCA were significantly higher than 
those after coronary arteriography (PTCA 162.5 ± 
5.0 vs control 136.2 ± 5.8; p < 0.01). There was mod- 
est correlation between the changes in mean fluores- 
cence intensity of GDI lb and inflation time during 
PTCA, with r = 0.57 (p < 0.05) but no correlation 
with the amount of contrast medium or balloon 
catheter size used during PTCA. 

Generation of hydrogen peroxide in neutrophils. Fig. 
3 shows changes in mean fluorescence intensity of 
2 ' ,7 ' -dichlorofluorescein in ex vivo PMA-stimulated 
neutrophils in the 9 control subjects and in the 14 
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patients undergoing PTCA. Mean fluorescence in- 
tensity in the coronary sinus did not change after 
coronary arteriography (from 150.5 ± 6.7 to 145.1 ± 
6,5; p NS), whereas mean fluorescence intensity after 
PTCA significantly decreased (from 153.7 ± 5.4 to 
126.4 ± 4.5; p < 0.001). Mean fluorescence intensity 
after PTCA was significantly lower than that after 
coronary arteriography (PTCA 126.4 ± 4.5 vs con- 
trol 145.1 ± 6.5; p < 0.05). There was good correla- 
tion between the changes in mean fluorescence in- 
tensity of 2',7'-dichlorofluorescein and inflation time 
during PTCA, with r = 0.64 (p < 0.05), but no corre- 
lation were observed with the amount of contrast 
medium or balloon catheter size used during PTCA 
procedures. 

Release of neutrophil elastase. Fig. 4 shows changes 
in neutrophil elastase obtained from the coronary si- 
nus in the control subjects and in the patients 
undergoing PTCA. Neutrophil elastase in the coro- 
nary sinus did not change after coronary arteriogra- 
phy (from 104.1 ± 6.1 to 109.5 ± 6.8 /ig/L; n = 9; 
p = NS), whereas the elastase in the coronary sinus 
increased significantly after PTCA (from 109.7 ± 5.7 
to 187.6 ± 10.9 /ig/L; n = 10; p < 0.001). There were 
no correlations between the changes in plasma 
elastase and inflation time, amount of contrast me- 
dium, or balloon catheter size used during PTCA. 

DISCUSSION 

Although : PTCA can be regarded as a clinical 
inodd of ischemia-reperf usion, information tet^hl-, 
ing rieii^^ inlhis condition is limited Jn 

the ^resferiV ■ fetudy we demonstrated that PTCA 
induced a significant increase in membrane surface 
exjpr^ion'of CDXlb (0 2 i&itegrin) and in release of 
elaat^ s]gnificaht- d^ 

generation of hydrogen peroxide m ^ ek' Vivo PMA^- 
stimulated neutrophils. No such changes in neutro- 
phil function were found in the control subjects, who 
underwent routine coronary arteriography. 1 These 
observations provide direct evidence that PTCA can 
lead to neutrophil activation. Furthermore, signifi- 
cant correlations were found between total inflation 
time and changes in neutrophil function, such as hy- 
drogen peroxide generation and membrane surface 
expression. In PTCA, the ischemia and subsequent 
reperfusion, which is not observed in coronary arte- 
riography, may explain its effect on neutrophil func- 
tion. It is likely that the initial stimulus for neutro- 
phil activation during PTCA is the mechanical oc- 
clusion of the vessel by the balloon. Subsequent 
reperfusion after balloon deflation would further 
augment neutrophil activation. 

To our knowledge, this study is the first to demon- 
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Fig. 4. Changes in neutrophil elastase in patients under- 
going percutaneous transluminal coronary angioplasty and 
control subjects undergoing coronary arteriography (open 
bars, before procedure; solid bars, after procedure). Plasma 
elastase of neutrophil increased significantly after PTCA. 
*p < 0.001 compared with before PTCA. 



strate increased membrane surface expression of 
CD lib after. PTCA, indicating an increase in neu- 
trophil activation by approximately twofold. CD1 lb 
is an adherence molecule classified as /fa integrin, the 
integrin supergene family of adhesion. 7 It is a het- 
erodimeric glycoprotein expressed on the plasma 
membrane of human neutrophils and mononuclear 
ph^oc3^;*f 

hibits several neutrophil fuhciEions, including tbeV 
binding of C3bi-opsoriized particles, adhesive inter- 
actions neutrophils, spreading on vascular endor 
thelium, and chto^ 

localized generation of chemotactic complement ac- : 
tivity may be an important means of leukocyte stim- 
ulation during ischemia-reperfusion. 12 Studies that 
used a canine model of myocardial ischemia-reper- 
fusion have demonstrated that the surface expression 
of CDllb/CD18 (Mac-1) adherence molecules was 
increased on leukocytes in cardiac lymph 13 and that 
the administration of anti-Mo 1 significantly reduced 
neutrophil accumulation within the infarct area 5 * 6 
The increased surface expression of CD lib adher- 
ence molecules on endogenous neutrophils after 
PTCA indicates that this procedure directly influ- 
ences the adhesive properties of neutrophils and that 
this effect may be an important step in the subse- 
quent process of ischemic injury. 14 

In the presence of hydrogen peroxide released by 
neutrophils, nonfluorescent DCFH-DA is trapped 
intracellular^ and oxidized to highly fluorescent 
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2',7'-dichlorofluorescein. The intensity of 2 ',7'- 
dichlorofluore8cein fluorescence in individual neu- 
trophils can be measured by flow cytometry and thus 
serves as a parameter of hydrogen peroxide genera- 
tion in neutrophils. In the present study the mean 
fluorescence intensities in isolated neutrophils after 
ex vivo PMA stimulation were significantly de- 
creased after PTCA but remained unchanged after 
coronary arteriography. Because PMA can be con- 
sidered to induce maximal activation of hydrogen 
peroxide generation, the reduced responses to PMA 
stimulation may be explained by previous in vivo ac- 
tivation of neutrophils during PTCA. These obser- 
vations are similar to results of a previous study 
demonstrating that stimulated neutrophils release 
lesser quantities of superoxide anion during PTCA. 15 
Experimental studies have demonstrated that hy- 
drogen peroxide can induce neutrophil adherence to 
endothelial cells 16 and promote the surface expres- 
sion of adhesion molecule on the leukocyte and on the 
endothelium. 17 Therefore there may be a pathogenic 
link between the surface expression of CDllb and the 
generation of hydrogen peroxide in patients under- 
going PTCA. Furthermore, the respiratory metabolic 
burst of neutrophils is generally related to the acti- 
vation of nicotinamide adenine dinucleotide phos- 
phate hydrogenase (NADPH) oxidase, which gener- 
ates superoxide anions. 18 The superoxide anion is 
rapidly converted to hydrogen peroxide via the dis- 
mutation of superoxide. Therefore the generation of 
hydrogen peroxide in neutrophils after PTC A may in 
part represent the activity of tlfe NADPH oxidase 
pathway, suggesting an important- source of oxygen 
free-radical generation. •.■■'^•y-v 
* El^tase is released extracellularly from neutr 
azurophil granules ahd is associated' with increases in 
endothelial adhesiveness, permeability; iand tissue 
edema. In addition, elastase; has been shown to 
inhibit the production of prostacyclin 19 and to en- 
hance the release of platelet activating factor 20 in en- 
dothelial cells, leading to further promotion of plate- 
let aggregation. The increased release of neutrophil 
elastase in patients undergoing PTCA in the present 
study is consistent with previous data. 16 The present 
data also may be relevant to the results obtained by 
Mehta et al., 21 who observed higher plasma elastase 
levels in patients with unstable angina or acute my- 
ocardial infarction but not in patients with stable 
angina, suggesting that neutrophil activation may be 
related to the ongoing coronary events in patients 
with unstable angina or acute myocardial infarction. 
Thus elastase may play an important role in the 
pathophysiologic changes in the vessel wall occurring 
after PTCA. 



Study limitations. We acknowledge several limita- 
tions to our study. The difference in fluorescence in- 
tensities of CDllb and 2\7 , -dichlorofluorescein after 
PTCA was an approximately a twofold increase 
above intensities before PTCA; no changes were 
found in control subjects, who underwent routine 
coronary arteriography. This finding may be ex- 
plained by the much shorter duration of ischemia 
produced by balloon inflation than that used in 
experimental models. In addition, activated neutro- 
phils may preferentially trapped in the coronary 
vasculature so that only a small fraction may have 
entered into the general circulation, resulting in 
lower intensities. Invasive procedures such as arterial 
puncture and coronary artery catheterization also 
may have provoked neutrophil activation, leading to 
higher baseline values. Recently, the expression of 
the adhesion molecule CR3 has been shown to 
decrease after PTCA and coronary arteriography, 
largely because of the contrast medium. 22 In the 
present study, the amount of dye given to patients 
undergoing PTCA was comparable to that given to 
patients undergoing coronary arteriography. No cor- 
relation was found between changes in neutrophil 
function and the amount of dye. or -the balloon cath- 
eter size used during the procedure. Thus, increased 
expression of CDllb after PTCA can be attributed to 
the brief ischemia-reperfiision rather than to the ef- 
fect of contrast medium durihg/PTGAv However, on 
the surface of neutrophil there may be many recep- 
tors, some of which are activated by: acute ischeinia- : 
reperfusion and some by dye. Further investigations 
are required, to clarify how PTCA modifies expres- , 
sion of adhesion molecules and thus leads to neutro- 
phil activation;-: ■ ■• -Vf ■■'r-';: - r ^^h':,-i^)^><^^<^- ■ 

Clinical implications. Polymorphonuclear leul"*- 
cytes have; been shown to; play an importantrole in : 
the pathogenesis of coronary vascular and myocar- 
dial cell injury. 23 The process of neutrophil-mediated 
tissue injury is thought to be preceded by neutrophil 
chemotaxis and migration and by adhesion to the 
vascular endothelium 24 and the cardiac myocytes 25 
associated with a CDll/CDIS-dependent mecha- 
nism. Mechanisms by which neutrophils are acti- 
vated during ischemia-reperfusion involve the spon- 
taneous trapping of neutrophils, 26 the generation of 
reactive oxygen free radicals, 27 theHncrease in neu- 
trophil elastase release, 28 and -the generation of 
arachidonic acid metabolites. 29 These mediators are 
associated with a complex cascade of cellular inter- 
actions involving vascular endothelium and circulat- 
ing cellular components and contribute to the pro- 
gression of tissue cell injury. Clinical studies have 
shown that PTCA induces endothelial dysfunction in 
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the coronary segments distal to dilated site 30 and re- 
gional wall motion abnormalities in diastole. 31 There- 
fore these alterations after PTCA may be explained 
in part by the release of mediators through the inter- 
action of neutrophils and endothelial cells. 

The development of coronary restenosis after 
PTCA is a serious and yet unsolved complication. 
Although the mechanisms of restenosis after success- 
ful PTCA are not fully understood, intimal hyper- 
plasia at the intervention site is thought to be impor- 
tant. It has been hypothesized that restenosis is the 
unique vascular expression of the general wound- 
healing response. 32 This response to injury is charac- 
terized by a sequence of inflammation, granulation, 
and extracellular matrix remodeling and leads to in- 
timal hyperplasia in the coronary artery after 1 to 4 
months. The ischemia-reperfusion produced by 
PTCA could induce a migration of neutrophils to the 
injured coronary stenotic site; activated neutrophils 
release biologically active substances, such as prote- 
olytic enzymes, oxygen free radicals, leukotrieneB, 
and platelet-activating factor that potentiate plate- 
let activity and inhibit endothelial function. The ac- 
tivated platelets would then release substances such : 
as thromboxane, serotonin, adenine nucleotide, and u 
platelet-derived growth factor, leading to vasocon- - 
striction, thrombus formation, and proliferation of 
vascular smooth muscle. 4, 33 » 34 Thus neutrophil acti- 
vation after PTCA in human beings appears to play y 
Sn important role in the initial step of the inflamma- i 
tory phase and then to trigger the pathophysiologic ,v 
chain reaction Eventually resulting in coronary rest- j 
enosis. However, further studies are required to de- I 
fine fully the mechanisms by which the neutrophil i 
contributes to this complication, v 

* " We thank Mark L. Entman, MD, of Baylor College of Medicine . 
(Houston, Tet.) for advice and comments and Yako Ishikawa : ' 
for expert technical assistance in performing flow-cytometric 
analysis. 
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Suppression of hyperventilation-induced 
attacks with infusion off B-type (brain) 
natriuretic peptide in patients with variant 
angina , 

B-type (brain) natriuretic peptide (BNP) forms a peptide family with A-type (atrial) natriuretic 
peptide (ANP) r which is involved in the regulatton o 

demonstrated that BNP is a novel cartllac honnone secreted predominantly from the ventricle 
and thM plasma levels of BNP m ;v , r Vf/ > 

failure. Spasm of a major coronBry artery (coronary spasm) to the cause of variant angina and ; V} 
can be induced by hyperventilation^ 

spasm In paUents variant ang^ of BNP Infusion on anginal attacks ^ 

hyperve^ato • * O p'c^K^ ^; 

reproduclbly Induced by hyperoMilatioh^ r >v ' M; H 

consecutive days. r^urteen mlntfea arter Infusion of BNP was begun (day 2, 0.05 Mfl/kg/min) or <■»> £ 
saline (days 1 and 3), hypero^ ■.-, ¥ . t ^. ,..s 

were Induced In ^ and 3, respectively. Anginal a^^ ^ ^t* ? 

were not induct ^ ,'. ;> V*S^~.i* 

waVb^u^ ± 6.7 pg/m! to peak levels of 2591 ± 255 -j^''-^^^:.-^ 

pg/mJ (p <0.01) and plasma ANP levels in ± 7^ pg/ml to peak levels of ■ 

69.2 ± 13.2 pg/ml. Five minutes after BNP infusion was finished, plasma levels of cyclic 
guahoslne monophosphate (cQMP) increased from 20.3 ± 7.4 pg/ml to peak levels of 63.5 ± 13.7 
pg/ml (p < 0.01). The plasma levels of ANP, BNP, and cGMP did not change after saline Infusion 
and hyperventilation on days 1 and 3, respectively. We conclude that BNP infusion suppresses , 
anginal attacks induced by hyperventilation in patients with variant angina, and that cQMP is 
related to the mechanism of suppression of the attacks. (Am Heart J 1994; 128:1 098-104.) 
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Expression of Polymorphonuclear Leukocyte Adhesion Molecules and 
Its Clinical Significance in Patients Treated With Percutaneous 
Transluminal Coronary Angioplasty 

TERUO 1NOUE, MD, YOSHIHIKO SAKAI, MD, SHIGENORI MOROOKA, MD, 
TERUMI HAYASHI, MD, KAN TAKAYANAGI, MD, YUTAKA TAKABATAKE, MD 

Saitama. Japan 



Objectives. This study evaluated the role of neutrophil adhesion 
molecules LFA-1 (CDlla/CD18), Mac-1 (CDllb/CD18) and 
pl50,95 (CDllc/CD18) in patients undergoing percutaneous 
transluminal coronary angioplasty (PTCA). 

Background. Several recent studies have suggested that cell 
adhesion molecules on both neutrophils and vascular endothelial 
cells play an important role in the process of tissue inflammation. 

Methods. Thirty-eight patients (30 men, 8 women; mean [±SE] 
age 56 ± 5 years, range 38 to 76) with single-vessel coronary artery 
disease of the left anterior descending artery underwent coronary 
angioplasty. Peripheral blood was sampled at baseline before, 
immediately after and 12, 24, 48 and 144 h after PTCA. The 
expression of CD18, CDlla, CDllb and CDllc on the surface of 
polymorphonuclear leukocytes was examined by flow cytometry 
with monoclonal antibodies. 

Results. In patients without subsequent restenosis, there was 
no change in mean channel fluorescence intensity (MFI) of CD18 
at each sampling time. However, in the patients with restenosis, 
the MFI of CD18 significantly increased at 48 h after PTCA (from 



57 ± 6 to 73 ± 8, p = 0.0008). The MFI of CDllb increased 
slightly at 48 h after PTCA in patients without restenosis (from 
584 ± 121 to 735 ± 114, p = 0.037). In patients with restenosis, 
the MFI of CD1 lb was slightly increased at 24 h after PTCA (from 
586 ± 122 to 768 ± 214, p = 0.018) and significantly increased at 
48 h after PTCA (to 1,534 ± 268, p = 0.0006). The expression of 
CDlla and CD lie did not change at any sampling points after 
PTCA in either of the two patient groups. Percent change in the 
expression of CD18 at 48 h after PTCA (from baseline) and that 
of CDllb were correlated (r = 0.73, p = 0.0008) in patients with 
restenosis. 

Conclusions. Inflammatory stimuli within the coronary vessels 
associated with coronary angioplasty may upregulate Mac-1 ex- 
pression on the surface of polymorphonuclear leukocytes. This 
process may be more marked in patients who experience later 
restenosis. Thus, activation of neutrophil adhesion molecule 
Mac-1 at 48 h after PTCA may have value as a predictor of 
subsequent restenosis. 

(J Am CoU Cardiol 1996;28:1127-33) 



Polymorphonuclear leukocytes migrate across the vascular 
endothelium into the extravascular space in response to tissue 
injury and inflammation (1). Leukocyte adhesion to vascular 
endothelial cells is an important step in this process (2). It has 
been shown (3,4) that this adhesion is mediated by adhesion 
molecules, which are expressed on the cell surface. They induce 
various cell- cell interactions as receptor-ligand relations (3,4). 

The neutrophil adhesion molecules include a family of 
heterodimic glycoproteins (called beta 2 -integrins) possessing a 
common beta-subunit of CD18 associated noncovalently with 
separate alpha-subunits of CDlla, CDllb and CDllc, and 
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designated as LFA-1, Mac-1 and pl50\95, respectively (5-7). 
The adhesion molecules normally exist on the surface of 
neutrophils. However, inflammatory stimuli produce an in- 
crease in the cell surface expression of these molecules (8,9). 
Endothelial cell surface molecules, including C3bi, derived 
from the activation of the complement system, and intercellu- 
lar adhesion molecule-1 (ICAM-1), interact with neutrophil 
CD18 adhesion-promoting receptor (5-7). The neutrophils 
adhere to endothelial cells and when activated can release a 
variety of mediators capable of promoting tissue injury. 

Percutaneous transluminal coronary angioplasty (PTCA) is 
an established treatment for patients with coronary artery 
disease. Although PTCA has a high initial success rate, resten- 
osis remains a major problem limiting the long-term efficacy of 
the procedure (10-12). The mechanism of restenosis has not 
been fully understood. Several investigators have 
suggested that neutrophils might play a part in the mechanism 
of this restenosis. Coronary angioplasty induces neutrophil 
activation, which results in the release of various inflammatory 
mediators that may potentiate development of smooth muscle 
cell proliferation and resulting restenosis (13-15). 
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Acronyms and Abbreviations 

ICAM-1 = intercellular adhesion molecule- i 

IL*1 - inlcrlcukin-1 

MFI = mean channel fluorescence intensity 

PTCA = percutaneous transluminal coronary angioplasty 

TNF-alpha « tumor necrosis factor-alpha 



The present study sought to determine the role of leukocyte 
adhesion molecules LFA-l (CDlla/CD18), Mac-1 (CDllb/ 
CD18) and pl50,95 (CDllc/CD18) in patients undergoing 
PTCA. 

Methods 

Patients. Thirty-eight patients (30 men, 8 women; mean 
[±SEM] age 56 ± 5 years, range 38 to 76) who underwent 
initial elective PTCA were enrolled in the study. They all had 
isolated atherosclerotic coronary artery disease (^75% diam- 
eter stenosis) of the proximal left anterior descending artery. 
All patients had clinically stable angina pectoris without pre- 
vious myocardial infarction and had evidence of ischemia 
evaluated by exercise stress electrocardiography and thallium- 
201 myocardial scintigraphy. All patients received the standard 
medication for angina, including 40 mg of isosorbide dinitrate, 
40 mg of nifedipine, 81 mg of aspirin and 75 mg of dipyridam- 
ole daily, and none of these drugs was discontinued before 
PTCA. Exclusion criteria included receipt of other cardioac- 
tive drugs and the presence of other cardiac or noncardiac 
complications that could affect our analysis. Seven healthy 
volunteers (five men, two women; mean age 49 ± 7 years, 
range 32 to 72) were also studied as control subjects. The study 
protocol was approved by the Dokkyo University Institutional 
Review Board, and written informed consent was obtained 
from each patient. 

Percutaneous transluminal coronary angioplasty. Coro- 
nary angioplasty was performed using the standard Judkins 
technique and a movable guide wire system through the 
femoral artery. An 8F guiding catheter (USCI, Inc.) was 
positioned in the coronary ostium, and control coronary an- 
giograms were obtained. All patients received premedication 
with 5,000 U of intravenous heparin and 0.1 mg of intracoro- 
nary nitroglycerin before angiography. The dilation procedure 
was performed with multiple balloon inflations using steerable 
nonperfusion balloon dilation catheters (USCI, Inc.) ranging 
in diameter from 2.5 to 3.5 mm when inflated. Optimal balloon 
sizes were chosen on the basis of estimates of reference 
diameter of normal segments adjacent to the lesion. Each 
balloon inflation was maintained for 90 s at a pressure range 
from 6 to 12 atm. A nonionic iodinated contrast agent was used 
during the procedure (Iopamidole, Schering AG) in all pa- 
tients. After PTCA, all patients received 500 U/h of intrave- 
nous heparin for 24 h. Any oral medications were not changed 
until follow-up angiography. Follow-up angiography was rec- 
ommended to all patients at 6 months after PTCA and was 
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performed earlier if there were clinical indications. Coronary 
lesions were assessed angiographicaliy before and immediately 
after PTCA and at follow-up coronary angiography. The 
method used, caliper measurements in multiple projections, 
adequately demonstrated the lesions. Primary success of an- 
gioplasty was defined as a 20% increase in lumen diameter and 
a residual diameter stenosis <50%. For purposes of follow-up 
angiography, restenosis was defined as >50% diameter steno- 
sis. 

Flow cytometric analysis of leukocyte adhesion molecules. 
In each patient, peripheral blood was sampled at baseline 
before, immediately after and 12, 24, 48 and 144 h after PTCA. 
Blood samples were also obtained from the healthy volunteers. 
The expression of CD18, CDlla, CDllb and CDllc on the 
surface of polymorphonuclear leukocytes was analyzed by flow 
cytometry with monoclonal antibodies. Blood was immediately 
collected in a tube containing acid citrate dextrose (ACD). 
Two-color immunofluorescence staining (16) was performed 
using fluorescein isothiocyanate (FITC) (17) conjugated anti- 
CD18 (IOT18, Immunotech, Inc.) and anti-CDlla (IOT16, 
Immunotech, Inc.) and phycoerythrin (PE) (18) conjugated 
anti-CDllb (Lew 15, Becton Dickinson) and anti-CDllc 
(LewM5, Becton Dickinson). After hemolysis was completed 
by the lysing solution, cells were fixed in a paraformaldehyde 
solution with phosphate-buffered saline (PBS). The staining 
process was performed according to the National Committee 
for Clinical Laboratory Standards guidelines for flow cytom- 
etry (19). Two-color flow cytometric analysis was then per- 
formed using a FACScan laser flow cytometry system (Becton 
Dickinson) within 2 h. We collected the data from 10,000 
cells/test and analyzed the scatter signals and fluorescence 
intensity. The light-scattering properties projected on a scat- 
tergram could distinguish the polymorphonuclear leukocyte 
cluster from other leukocyte clusters (20). Fluorescence inten- 
sity was expressed on a cytohistogram where the region of 
interest was limited to the polymorphonuclear leukocyte clus- 
ter for CD18, CD1 la, CDllb, and CDllc each. Mean channel 
fluorescence intensity (MFI) (21) was calculated as the index 
of the expression of each adhesion molecule. 

Data analysis. Coronary angiograms were assessed by two 
independent observers (T.L, Y.S.), Each observer measured 
the severity of stenosis using the same technique, and the mean 
value was recorded. There was a 1.8 ± 5.7% difference 
between the two observers on 30 randomly selected lesions, 
excluding those of the study patients. Serial changes in the MFI 
of CD18, CD1 la, CD1 lb and CD1 1c were each analyzed using 
repeated measures analysis of variance in patients with and 
without restenosis for intragroup and intergroup comparisons. 
Comparisons of the values between the two patient groups and 
the control subjects were performed using one-way analysis of 
variance. The chi-square test or unpaired / test was used for 
intergroup comparisons of baseline characteristics. Correlation 
between percent increase in the MFI of CD18 and that of 
CDllb was determined with linear regression in each patient 
group. To predict the occurrence of restenosis, the sensitivity 
of increases in the MFI of CD18 or CDllb, or both, was 
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Table 1. Clinical Characteristics of 38 Study Patients 





Pts Without 


Pts With 






Restenosis 


Restenosis 






(n « 24) 


(n « 14) 


p Value 


Age 


55 ±4 


57 13 


0.366 


Men/women (no,) 


19/5 


11/3 


0.284 


Leukocyte count (/>tl) 


6,760 ± 360 


6,270 1 290 


0,226 


Platelet count (x 10*4*1) 


28.5 ■* 4 6 




U, JOJ 


PT(s) 


11.2 ± 0.3 


11 3 * 02 


0676 


APTT(s) 


31.6 ± 0.6 


31 9 + (\5 


0 720 


Coronary risk factors 








Cigarette smoking 


21 (88%) 




0 624 


Family history 


7(29%) 


4(28%) 


0 641 


Diabetes mellitus 


4(17%) 


2(14%) 


0.528 


Systemic hypertension 


7 (29%) 


4(28%) 


0.725 


Total cholesterol (mg/dl) 








Before PTCA 


207 ±9 


2141 12 


0.465 


At follow-up study 


197 ±8 


199 1 14 


0.673 


HDL cholesiero) (mg/dl) 








Before PTCA 


3712 


3612 


0.322 


At follow-up study 


3914 


3913 


0.864 


Taking lipid-lowering drugs 


4(17%) 


2(14%) 


0.464 



Data presented are mean t SE or number (%) of patients (Pts). APTT = 
activated partial thromboplastin time; HDL = high density lipoprotein; FT = 
prothrombin time; PTCA = percutaneous transluminal coronary angioplasty. 



determined as true positive/(true positive + false negative), 
specificity as true negative/(true negative + false positive), 
positive predictive values as true positive/(true positive + false 
positive) and negative predictive values as true negative/(true 
negative + false negative). Results are expressed as mean 
value ± SE; p < 0,05 was considered significant. 

Results 

Results of angioplasty. Balloon inflations ranged from 
three to eight (mean 4.2 ± 0.3), and PTCA was initially 
successful in all patients. No patient experienced either abrupt 
coronary occlusion or major coronary dissection. However, 
restenosis was seen in 14 patients at follow-up angiography. 
Comparison of 24 patients without restenosis and 14 with 
restenosis revealed no significant differences in age, gender, 
leukocyte counts, platelet counts and blood coagulation activ- 
ity before PTCA. There were also no significant differences 
among the patients with regard to coronary risk factors, such as 
smoking habits, family history, diabetes mellitus, hypertension 
and hyperJipidemia (Table 1). Characteristics of coronary 
lesions, including reference diameter, American College of 
Cardiology/American Heart Association classification of lesion 
type, American Heart Association classification of lesion loca- 
tion and severity of stenosis before and immediately after 
PTCA, were similar in patients with and without restenosis. 
Furthermore, there were no significant differences between 
patients with and without restenosis with regard to the angio- 
plasty procedure itself (balloon size, number of inflations, 
inflation pressures, duration of inflations, duration of the 
procedure and amount of contrast medium used). In patients 
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with restenosis, time to follow-up study after PTCA was 4.8 ± 
1.1 months, possibly indicating the interval after PTCA when 
restenosis was first clinically demonstrable, whereas it was 
6.6 ± 0.4 months (p = 0.045) in patients without restenosis 
(Table 2). 

Expression of leukocyte adhesion molecules. Serial 
changes in adhesion molecule expression in patients with and 
without restenosis compared with control values are shown in 
Figure 1. The MFI for CD18 at each sampling time did not 
change immediately or 12, 24 or 48 h after PTCA from baseline 
values in patients without restenosis. However, in patients with 
restenosis, it significantly increased at 48 h after PTCA (from 
57 ± 6 to 73 ± 8, p = 0.0008). The MFI for CD1 lb increased 
slightly at 48 h after PTCA even in patients without restenosis 
(from 584 ± 121 to 735 ± 114, p = 0.037). In the restenosis 
group, the MFI for CDllb increased slightly at 24 h after 
PTCA (from 586 ± 122 to 768 ± 214, p = 0.018) and increased 
significantly at 48 h after PTCA (to 1,534 ± 268, p = 0.0006). 
The expression of CDlla and CDllc in both patient groups 
did not change at any sampling time. A comparison of patients 
with and without restenosis at each sampling time reveals that 
there were no significant differences in MFI values, except that 
for CD1 lb at 48 h after PTCA, which was slightly higher (p = 
0.021) in patients with restenosis. A comparison of each 
patient group versus control values shows no significant differ- 
ence, except for the MFI for CD18 (p = 0.046) and CDllb 
(p = 0.009) at 48 h after PTCA, which were higher in patients 
with restenosis. 

Figure 2 shows a correlation between the percent change in 
expression at 48 h after PTCA from the baseline value of CD18 
and CDllb in each patient. Both changes were correlated in 
patients with (r = 0.73, p = 0.0008) but not in those without 
(r = 0.17, p = 0.382) restenosis. This relation also showed that 
the increase in expression of both CD18 and CDllb at 48 h 



Table 2. Profiles of Coronary Lesions and Angioplasty Procedure in 
38 Study Patients 





Pts Without 


Pts With 






Restenosis 


Restenosis 






(n - 24) 


(n = 14) 


p Value 


Reference diameter (mm) 


2.82 ± 0.07 


2.79 ±0.06 


0.322 


ACC/AHA lesion type (A/B) 


14/10 


a/6 


0.283 


AHA lesion location (seg 6/seg 7) 


10/14 


7/7 


0.128 


% diameter stenosis 






Pre-PTCA 


86.9 ± 3.4 


85.2 ± 2.8 


0.267 


Post-PTCA 


14.0 ±2S 


15.6 ±3.2 


0.324 


Follow-up study 


36.5 ±4.2 


64.8 ± 8.6 


0.0003 


Final balloon size (mm) 


291 ±0.07 


2.89 ± 0.08 


0.362 


No. of inflation trials (times) 


4.1 ±0.3 


4.2 ± 0.4 


0.456 


Peak inflation pressure (atm) 


J 1.2 ±0.3 


11.1 ±0.2 


0.867 


Duration of total inflations (s) 


368 ±27 


382 ±36 


0.572 


Duration of all procedures (min) 


56 ±3 


59 ±3 


0.120 


Amount of contrast medium (ml) 


148 ±7 


152 J. 9 


0.261 


Follow-up term (mo) 


6.6 ± 0.4 


4.8 ± l.l 


0.045 



Data presented are mean value ± SE or number of lesions. ACC = 
American College of Cardiology; AHA = American Heart Association; seg = 
segment; other abbreviations as in Table 1. 
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CD 18 



MR 

80- 
60- 
40- 



20 




oontrol bstriln* Immodlatoly 12hr» 2thr« 4Bhr* 144hra 



CD11a 



MR 



60- 



40- 



20- 




control bawltn* Immediately I2hr« 24hm 48hra 144hre 
•Iter 



CD11b 



MR 

2000- 
1500- 
1000- 
600- 



- tt * 




control bnofln* Immediately 12hr» 24hra 48hrt I44hn 



CD 11c 



MR 

too 

60 H 




oontrol bnalln* immediately 12hr» 24hrs 48hr« 144hr* 



-O- pallems wit r»ut restenosis (n=24) 
-O- patients with restenosis (n=1 4) 
■ control subjects 



* p<0.05 vs baseline 
** poO.OOt vs baseline 



t fxO.05 vs control 
tf p<0.01 vs control 



$ p<0.05 vs patients without 
restenosis 



Figure 1. Serial changes of each leukocyte adhesion molecule expres- 
sion evaluated separately in patients with and without restenosis 
compared with control values. Sec Results for details. 



was greater in patients with restenosis. In our analysis of 
percent change in CD 18 at 48 h after PTCA, a threshold value 
of 1.2 had a sensitivity of 86%, a specificity of 83%, a positive 
predictive value of 75% and a negative predictive value of 
91%. For analysis of the percent change in CDllb, a threshold 



Figure 2. Correlation between percent change in adhesion molecule 
expression at 48 h after PTCA from baseline value of CD18 and 
CD1 lb in each patient. See Results for details. 

CD18 
MFI<48hrVbasellne) 
2n 




• paUenta without restenosis <n«24) 
O patient* with restenosis (n= 14} 

- • - - threshold lint 



O y=0.l4x+0.9a 
r=0.73 
p=0.00O8 



pxO.382 



CD11b 

MFI{48hrs7bas*0ne) 



value of 1.7 had a sensitivity of 79%, a specificity of 88%, a 
positive predictive value of 79% and a negative predictive 
value of 88%. Furthermore, for both a >I.2-foId increase in 
expression of CD18 and a >1.7-foId increase in that of CD1 lb, 
the sensitivity, specificity and positive and negative predictive 
values were 71%, 100%, 100% and 86%, respectively. 



Discussion 

In our study, only patients with single-vessel coronary artery 
disease of the proximal left anterior descending artery were 
selected for inclusion. All patients had stable angina and no 
previous myocardial infarction, and ail were given identical 
medications during the postprocedural period. We demon- 
strated that the expression of CD18 and CDllb on the surface 
of polymorphonuclear leukocytes sampled from peripheral 
blood increased at 48 h after PTCA, whereas expression of 
CDlla and CDllc did not. Increases in the expression of 
CD18 and CD1 lb at 48 h after PTCA were more prominent in 
patients with restenosis group despite the finding that baseline 
characteristics (including invasive procedure, coronary risk 
factors and leukocyte count) were similar between' patients 
with and without restenosis. Furthermore, the relation be- 
tween both increases in CD18 and CDllb shown in the 
restenosis group indicates that the increase in CD18 expression 
might correspond to the increase in Mac-1. These results 
suggest that the repeated balloon inflations during PTCA 
resulted in an upregulation of Mac-1 on the surface of 
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polymorphonuclear leukocytes at 48 h after PTCA that might 
be related to the development of restenosis. Moreover, the 
upregulation of Mac- J at 48 h after PTCA had a high 
predictive value for subsequent restenosis. 

Expression of neutrophil adhesion molecules as a marker 
for inflammation* It is widely recognized that adhesion mol- 
ecules CD18, GDI la, GDI lb and CD1 lc are expressed on the 
surface of circulatory neutrophils even under normal condi- 
tions and can be upregulated severalfold by inflammatory 
stimuli using various cytokines, including tumor necrosis 
factor-alpha (TNF-alpha), interleukin-l (IL-1) or endotoxins 
(8,9). In our study, no significant differences were seen in MFI 
values of the adhesion molecules in patients with and without 
restenosis at any time point or in these patients compared with 
control subjects, except for the values of CD18 and CDllb at 
48 h after PTCA. These values showed large individual varia- 
tions not only in the patient groups but also among the control 
subjects. However* serial changes in an individual are sugges- 
tive of greater significance, and the findings that the values of 
CD18 and CDllb increased at 48 h after PTCA in patients 
with restenosis might be of value. 

Recently, neutrophil adhesion molecules LFA-1, Mac-1 or 
pl50,95, alone or in combination, have been postulated to play 
a role in myocardial reperfusion injury (22-27). Endothelial 
injury secondary to ischemia and reperfusion promotes neu- 
trophil adherence to the endothelial cell surface of the post- 
capillary venules. However, these phenomena have been rec- 
ognized mainly in experimental studies with animals, and the 
role of adhesion molecules in the human heart remains 
controversial. Our data suggest that leukocyte adhesion mole- 
cules may also have a significant impact on the human heart. 

Restenosis after coronary angioplasty. Restenosis is the 
major limitation to the long-term success of PTCA. Restenosis 
occurs within several months of the procedure in approxi- 
mately one-third of patients (10-12). The pathophysiology of 
restenosis has been controversial, but several histopathologic 
studies indicate that intimal proliferation of smooth muscle 
cells is a major mechanism (28). Traumatic injury of the vessel 
wall during angioplasty probably triggers a series of cellular 
and subcellular events that may ultimately lead to myointimal 
proliferation and restenosis. Although the exact mechanism by 
which this occurs is unknown, several factors may enhance 
smooth muscle cell growth and therefore play a role in the 
development of restenosis. These include platelet deposition, 
mechanical stretching of the media; inflammation of the vessel 
wall; the activity of growth factors, such as platelet-derived 
growth factor (PDGF) and basic fibroblast growth factor 
(bFGF); vasoactive substances, such as serotonin and throm- 
boxane A 2 ; wall shear stress; alterations in vessel geometry; 
and other, still unknown factors (29,30). Leukocyte function 
has recently been singled out for its role in smooth muscle cell 
proliferation. In addition to production of various growth 
factors by macrophages (31), activated neutrophils have been 
also implicated in platelet activation and smooth muscle cell 
proliferation (13-15,32). 
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Role of neutrophils in mechanism of restenosis. Coronary 
angioplasty induces neutrophil activation, which results in the 
release of a variety of inflammatory mediators, for example, 
granulocyte proteases, such as elastase, and superoxide anion 
(14,15). The release of proteolytic enzymes and the generation 
of oxygen free radicals may aggravate the endothelial damage 
and further stimulate platelets. This process has potential 
implications in the subsequent development of smooth muscle 
cell proliferation and resulting restenosis. During the process 
of neutrophil activation, the adhesion of neutrophils to vascu- 
lar endothelial cells is an important physiologic interaction. 
Thus, it is suggested that the adhesion molecules on the 
surface of both neutrophils and endothelial cells may play a 
role in the mechanisms of restenosis. 

Two possible mechanisms explain how PTCA induces the 
upregulation of Mac-1: 1) This process may result from 
ischemia-reperfusion cycles induced by repeated balloon in- 
flations; 2) the traumatic vascular injury by balloon inflation 
may result in this upregulation. Although neutrophil activation 
may be triggered by 15 min of ischemia followed by reperfusion 
(22), it is not known whether repeated but shorter bouts of 
ischemia followed by restoration of flow, as occurs during 
PTCA, could have the same effects. Mazzone et al. (33) 
observed increased expression of adhesion molecules CD 18 
and CDllb on the surface of neutrophils taken from the 
coronary sinus in patients with unstable angina. They specu- 
lated that plaque rupture and subsequent inflammation asso- 
ciated with considerable coronary vascular damage in unstable 
angina might increase the expression of these molecules. In 
line with their suggestion, the traumatic vascular injury may be 
the more important factor. In our study, it would appear that 
inflammatory stimuli within the coronary vessels attributable 
to coronary angioplasty may upregulate Mac-1 expression on 
the surface of polymorphonuclear leukocytes. Therefore, the 
upregulation of Mac-1 may be an indicator of injury or 
inflammation within the vessel. 

Ikeda et al. (34) observed that neutrophil surface expres- 
sion of CDllb in the coronary sinus blood increased immedi- 
ately after PTCA. In that report, however, the expression was 
evaluated immediately after PTCA only, whereas our study 
showed an increase at 48 h after PTCA. We cannot explain why 
upregulation occurred only at 48 h after the procedure. We 
believe that the magnitude of inflammatory stimuli may be 
related to the duration of leukocyte activation and that ex vivo 
stimuli using cytokines or endotoxins produced immediate 
upregulation of Mac-1 on the surface of leukocytes. In con- 
trast, Tanaka et al. (35) observed the expression of ICAM-l, a 
countcrrcceptor of LFA-1 and Mac-1, on the endothelial cell 
surface of rabbit aorta 48 h after balloon injury. Prescott et al. 
(32) observed that neutrophils adhered to endothelium at 48 h 
after inducing leukocyte migration by the implantation of an 
endotoxin-soaked cotton thread in the adventitia of the rat 
femoral artery. If the nature of inflammatory stimuli produced 
by PTCA angioplasty in humans is similar to that seen in those 
experiments, our results at 48 h may be understandable. In 
addition, in view of the short life expectancy of the polymor- 
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phonudear leukocyte, it is likely that PTCA creates a persis- 
tent proinflammatory surface within the artery that can stim- 
ulate leukocyte expression of Mac- 1 for 2 days or that the 
section of artery traumatized by the balloon inflations begins to 
secrete cytokines such as TNF-alpha or IL-1 -24 to 36 h after 
the procedure, which can upregulate surface expression of 
Mac-1. The same cytokines that stimulate expression of the 
leukocyte adhesion molecules may also stimulate smooth 
muscle cell proliferation (36). 

In contrast, the study by Ikeda et al. (34) did not indicate a 
direct relation between CD1 lb expression and the progression 
of restenosis. To our knowledge, our study is the first to 
demonstrate that the upregulation of Mac-1 is significantly 
greater in patients with than without restenosis. Although our 
study does not necessarily prove that this upregulation has a 
direct role in the mechanism of restenosis, it does suggest some 
relation between this finding and the pathogenesis of resteno- 
sis. Moreover, our results also suggest that activation of the 
polymorphonuclear leukocyte Mac-1 at 48 h after PTCA may 
have value as a predictor of subsequent restenosis. 

Potential limitations. Our study has several possible limi- 
tations. Although we showed that the observed increase in 
CD18 and CDllb had high predictive values for the occur- 
rence of restenosis, these data were analyzed only retrospec- 
tively. Another prospective trial to validate this prediction 
should be considered. In our study, coronary lesions were 
assessed angiographically using only caliper measurements. In 
light of recent progression of quantitative coronaiy angio- 
graphic analysis, we would need to interpret the relation 
between leukocyte function and quantitative coronary angio- 
graphic data. 

In addition, the expression of leukocyte adhesion molecules 
in our study may have been modified by invasive procedures, 
such as arterial puncture or coronary artery catheterization. 
The introduction of infusion materials, such as contrast me- 
dium (37) or heparin (38), might also influence leukocyte 
function. However, there may still be significance in the finding 
that serial patterns for the expression of CD18 and CDllb 
were different in patient groups with and without restenosis 
because these groups were similar in terms of the invasive 
procedures performed, amount of contrast medium used and 
dose and duration of heparin. 

Clinical implications. Our study demonstrated that the 
expression of CD18 and CD1 lb on the surface of polymorpho- 
nuclear leukocytes sampled from peripheral blood increased at 
48 h after PTCA. Inflammatory stimuli within the coronaiy 
vessels, which may be attributable to repeated short-term 
ischemia-reperfusion cycles or traumatic vascular injury asso- 
ciated with the angioplasty, or both, may upregulate Mac-1 on 
the surface of polymorphonuclear leukocytes. This process 
may be more pronounced in patients who experience later 
restenosis. Thus, the upregulation of polymorphonuclear leu- 
kocyte Mac-1 at 48 h after PTCA may have value as a predictor 
of restenosis. 
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Mononuclear Leukocytes Invade Rabbit Arterial 
Intima During Thickening Formation via CD18- 
and VLA-4 -Dependent Mechanisms and 
Stimulate Smooth Muscle Migration 



Dorothee Kling, Jiirgen Fingerle, John M. Harlan, Roy R. Lobb, Florian Lang 



Abstract The role of mononuclear leukocytes for the migra- 
tion of smooth muscle cells (SMCs) during intima] thickening 
was investigated in the rabbit model of electrically stimulated 
carotid artery. The approach was to inhibit leukocyte entry into 
the arterial intima with antibodies against the adhesion mole- 
cules very late activation antigen-4 (VLA-4) and CD11/CD1S. 
In electrically stimulated control rabbits treated either with 
saline or a nonspecific antibody, all types of granulocytes, 
monocytes, and lymphocytes migrated across an intact endo- 
thelium into the acellular subendothelial space, folluwed by the 
movement of SMCs from the media into the intima within 36 
hours of applying electrical current. Treatment of the rabbits 
with monoclonal antibody (mAb) HH1/2 directed toward the a 4 
subunit (CD49d) of VLA-4 inhibited mononuclear leukocyte 
in%*asion (consisting of monocytes and lymphocytes) by **7fV9& 
compared with the I gG -treated control rabbits and completely 
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The accumulation of monocytes and lymphocytes is 
a prominent feature in human and experimental 
atherosclerosis. 1 - 3 They arc assumed to contrib- 
ute to the initiation and progression of atherosclerotic 
plaques by secreting a variety of inflammatory media- 
tors, cytokines, and growth factors, ^ Secretory prod- 
ucts of monocytes/macrophages may serve as chemoat- 
tractanls 7 " 9 or mitogens'"- 11 for vascular SMCs and may 
hence promote SMC accumulation within the intima 
during athcrogenesis. T lymphocytes, on the other hand, 
are capable of introducing growth-inhibiting factors for 
SMCs into the atherosclerotic plaques, 2 - 12 but they may 
also indirectly stimulate SMC proliferation and/or mi- 
gration by macrophage activation. 3 A few reports exist 
indicating a link between leukocyte migration into the 
vascular wall and iniimal SMC accumulation during 
experimental intimal thickening. In particular, intimal 
lesion formation induced by an endotoxin-soaked thread 
in rat femoral arteries was prevented by inhibiting 
leukocyte invasion into the vessel wall after treatment 
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abolished the minimal influx of basophils and eosinophils after 
36 hours. Neutrophil infiltration, however, remained unaf- 
fected by anii-VLA-a* Irealmem, Under these conditions, 
SMC migration across the internal elastic lamina was reduced 
by 50%. The use of mAb HP 1/2 together with mAb 60.3 
(directed to the & chain of CD11/CD18) completely abolished 
the influx of monocytes, lymphocytes, and all types of granu- 
locytes into the arterial intima. This complete blockade of 
leukocyte infiltration resulted in a 70% reduction of intimal 
SMC accumulation. Together with our previous lindings ex- 
cluding neutrophils as stimulators of SMC migration, the 
present results indicate that mononuclear leukocytes promote 
lesion development by stimulating SMC migration. (Circ Res. 
1995;77:112M128.) 

Key Words • /3, and ft. integrins • arteriosclerosis • 
monocytes • lymphocytes • granulocytes 



with dexamethasone. 13 Likewise, neointimal thickening 
elicited by balloon catheter injury in rat carotid arteries 
was reduced after inhibiting the accumulation of CD4- 
positive mononuclear leukocytes in the intima, H sug- 
gesting a role of CD4-positive mononuclear cells in 
mediating intimal SMC accumulation. 

Our interest was to study the functional significance of 
mononuclear leukocyte invasion in SMC migration dur- 
ing experimental intimal thickening. We inhibited 
mononuclear leukocyte infiltration into the nascent 
thickening by interfering with leukocyte/endothelial in- 
teractions, thus gaining additional insight into the re- 
cruitment mechanisms of mononuclear leukocytes. Inti- 
mal thickening was induced by repeated transmural ES 
of the rabbit carotid artery. By use of this model, lesions 
develop in the presence of a continuous yet functionally 
and structurally altered endothelium. 15 - lft Granulocytes, 
monocytes, and lymphocytes invade the acellular intimal 
space within the first 2 days of application of direct 
electrical current. " M 8 Concomitantly. SMCs start to 
migrate across the internal elastic lamina from the 
media toward the in lima. We previously demonstrated 
that the initial invasion of neutrophilic granulocytes was 
completely abolished by treating the rabbits with an 
antibody directed toward the common ft chain (CD18) 
of the leukocyte adherence glycoprotein complex CD 11/ 
CD 18, whereas the influx of mononuclear leukocytes 
was only partially inhibited (by ~50%).' 7 Under these 
conditions, SMC migration into the intima was not 
significantly affected, thus excluding neutrophils as initi- 
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oeieciea ADureviaiions ana Acronyms 


EC - 


endothelial cell 


ES = 


electrical stimulation (electrically stimulated) 


1CAM = 


intercellular adhesion molecule 


mAb = 


monoclonal antibody 


PDGF = 


platelet-derived growth factor 


PMN = 


polymorphonuclear neutrophil 


SMC- 


smooth muscle cell 


VCAM = 


vascular cell adhesion molecule 


VLA = 


very late activation antigen 



ators of the directed movement of SMCs into the intimal 
compartment. 

The purpose of the present study was (1) to suppress 
the residual CD18-independent portion of the invasion 
of mononuclear leukocytes and (2) to investigate the 
effect of the blocked influx of monocytes and lympho- 
cytes on the migratory behavior of SMCs in the initial 
phase of lesion development. The blocking agent we 
used was a monoclonal antibody that binds to the u 4 
chain (CD49d) of VLA-4 (CD49d/CD29). VLA-4 is a 
member of the J3 r integrin subfamily and is expressed on 
resting monocytes and lymphocytes 19 20 and on basophils 
and eosinophils 21 - 23 but not on neutrophils. 21 It partici- 
pates not only in cell-matrix interaction but also in the 
recruitment of these cells from the bloodstream to areas 
of infection and inflammation. I ^ 20 * 23 - 34 Its countcrreccp- 
tor on endothelial cells is the cvtokinc-induccd ligand 
VCAM-l.w 

Our adhesion-blocking experiments provide evidence 
that the initial recruitment of monocytes and lympho- 
cytes during the development of fibromuscular intimal 
thickening is mediated by VLA-4 -dependent as well as 
CD18-dependent pathways. Moreover, the blockade of 
mononuclear leukocyte accumulation in the nascent 
thickening was shown to inhibit SMC migration from the 
media into the intima, indicating that mononuclear 
leukocytes promote the formation of intimal thickening 
and possibly atherogenesis. 

Materials and Methods 

Antibodies 

The mAb HP 1/2 is a murine IgG, that binds to a functional 
epitope (characterized as epitope B) on the a 4 subunit 
(C049d) of the human imegrin VLA-4. 26 It cross-reacts with 
the respective rabbit homologue on mononuclear leukocytes 
but does not bind to rabbit neutrophils as evaluated by 
fluorescence-activated cell sorting. 27 HP 1/2 was purified by 
protein A and gel filtration chromatography under endo toxin- 
free conditions 23 - 24 and used as a 6.5 mg/mL stock solution in 
sterile PBS. 

Murine mAb 60.3 is of the IgG 2j subclass and recognizes the 
common /3 2 chain of the membrane glycoprotein complex 
CD 1 1 /CD 18 expressed on human leukocytes (B and T lympho- 
cytes, monocytes, and the three subclasses of granulocytes but 
not red blood cells or ECs 2W ). It has the advantage of cross- 
reactivity with the respective adhesion molecules on rabbit 
leukocytes. 27 mAb 60.3 was prepared according to Beatty et 
al, 2 " and the concentration of the purified antibody protein in 
the slock solutions was 8.5 ing/mL in sterile saline. 

In order to control the nonspecific effects of repeated 
treatment with foreign antibody proteins, we used the mouse 
anti-human antibody 17-1 A produced by the hyhridoma clone 
1083-17-1 A.* 1 - 3 ' The hybrid clone secreted IgG, and IgG 7 „ at an 
early stage, but repeated cloning led to a loss of the myeloma 
■y-heavy chain, 17-1 A binds with a high level of specificity to a 



surface antigen on human colorectal carcinoma. All mAb 
solutions contained <0.01 endotoxin unit per milligram. 

Animals 

Male New Zealand White rabbits obtained from Thomae 
GmbH (Biberach, FRG) were used for all experiments. They 
were fed standard rabbit pellets without lipid supplementation 
(Altrornin GmbH) and were kept in the animal house for at 
least 1 week before the experiments were started. The animals 
entered the study at a body weight of 1.7 to 2.0 kg. All rabbits 
were exposed to the same method of transmural ES known to 
induce fibromuscular intimal thickening under normocholcs- 
terolemia,»s.i*J» Dut tney were treatec j wjth the cD49d mAb 

HP1/2 (n=5), the combination of HP1/2 and the CD18 mAb 
fiO.3 (n=5) : or the nonspecific control antibody (n=3). For 
additional controls, eight rabbits received sterile saline instead 
of antibody. 

Induction of Early Intimal Lesions and 
mAb Treatment 

Early intimal lesions representing initial stages of fibromus- 
cular thickening were induced in rabbit carotid arteries by 
applying direct -current impulses to the artery wall, as described 
previously.'? Briefly, with the rabbits under anesthesia (15 mg 
metomidate hydrochloride and U.l mg 1M fentanyl base per 
kilogram body weight), two graphite-coated gold electrodes 
(each measuring 1 mm x 5 mm) were attached to the 
advenlilia of the right carotid artery and held in diametrical 
position by a flexible polytetrafluoroethylcne (Teflon) cuff. The 
cuff was placed loosely around the outer surface of the arterial 
wall, so as not to interfere with the pulsation and compressibil- 
ity of the vessel. The electrodes were connected via subcuta- 
neous leads and a microplug fixed in the skull to an extracor- 
poreal stimulation unit generating DC impulses (0.1 mA, 15 
milliseconds, 10 Hz). These were applied to the artery wall of 
the freely moving rabbit in two sessions, start iiig 14 and 26 
hours after surgery and lasting for 30 and 15 minutes, respec- 
tively. The left carotid served as an intraindividual control: 
Those rabbits treated with the combination of HP1/2 and mAb 
60.3 or the nonspecific IgG received a so-called tf silent" cuff 
where no current was applied; in case of the other treatments, 
the artery remained unmanipulated. 

The protocol for administration of the different antibodies 
was identical to the one used in earlier experiments. 17 The 
antibodies were injected via the marginal car vein three times 
at an interval of 12 hours, each at a dose of 2 mg/kg body wt. 
The first injection was given immediately before implantation 
of the electrodes; the second and third occurred 2 hours before 
the respective period of ES. This timing guaranteed that mAb 
administration interfered with the climax of leukocyte invasion 
into the arterial intima.'* The saline control rabbits were 
subjected to the same schedule, but with corresponding injec- 
tions of sterile saline. All antibody or saline treatments were 
performed with the animals under anesthesia (see above). 
Blood samples were drawn before each mAb or saline admin- 
istration as well as at the end of the experiments for total and 
differential white blood cell counts. The experiments were 
terminated 36 hours after surgery in order to study the 
migration of SMCs as they began to cross the internal elastic 
lamina into the intimal compartment within the first 2 days of 
applying direct electrical current, as previously described. 1618 
The animals were anesthetized, and the carotids were perfused 
through the left ventricle with 1.25% glutaraldehyde in 0.1 
mol/L cacodylate buffer, pH 7.4, at 80 to 100 mm Hg. After 
excision, the arteries were immersion-fixed in the same solution 
for at least 24 hours. 

The experimental protocol was reviewed and approved by 
the animal care committee of the University of Tubingen. 
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Electron Microscopic Analysis 

After we removed the cuff and ear-marked the anodal side uf 
the artery wall where the eccentric intimal thickening devel- 
ops. 1516 the tissue was processed for transmission electron 
microscopy. Both the stimulated and the control carotid arter- 
ies were subdivided into rings •O mm in length. All samples 
were postfixed in \% buffered Os0 4 in 0.1 mol/L sodium 
cacodylatc, dehydrated through graded alcohols, stained en 
bloc in alcoholic uranyl acetate, embedded in araldite, and 
transversely sectioned on an LKB ultramicrotome. Semithin 
sections were stained with toluidine blue. Ultrathin sections 
were taken from the anodal area of the block face as revealed 
by light electron microscopy, collected on 75- mesh copper 
grids, stained with lead citrate, and examined with a Zeiss EM 
10. 

The different cell types within the intimal cell population, ie, 
monocytes, lymphocytes, the subclasses of granulocytes, and 
SMCs, were identified on the basis of their ultrastructural 
features, as previously reported.' 7 The subtypes of granulo- 
cytes, ic, neutrophils, basophils, and eosinophils, were clearly 
identifiable and distinguishable from monocytes and lympho- 
cytes by their specific granules.-*- A sharp distinction between 
monocytes and lymphocytes was not always possible, depending 
on the cutting level. For quantification, they were therefore 
grouped as mononuclear leukocytes. However, the proportion 
of lymphocytes unambiguously identifiable by their fine struc- 
tural characteristics (such as an oval nucleus, narrow rim of 
cytoplasm, tiny Golgi area, small number of lysosomcs. and few 
large mitochondria) was determined, possibly underestimating 
. their true quantities. Intimal SMCs were easily distinguished 
from leukocytes by the presence of a thin external lamina 
(sometimes only present in fragments), abundant micropinocy- 
totic vesicles, myofilaments, and dense attachments on the 
cytoplasmic aspect of the membrane. Immunohistochcmical 
analysis of paraformaldehyde-fixed paraffin-embedded tissue 
did not prove to be useful for cell typing in the early lesions 
under investigation, since the usual markers for identifying 
SMCs and macrophages could not be detected within the 
nascent thickening during the first 36 hours after elect rode/cuff 
positioning. a-Actin, which is known to modulate its expression 
with the differentiation state of the cell,™ was first detectable in 
intimal cells 8 days after the onset of ES, and the cell type- 
specific antigen of rabbit macrophages recognized by RAM-1 1 
was expressed by subcndothelial cells at the earliest 2 days after 
ES was started (data not shown). 

For quantitative analysis, ultrathin cross sections through the 
midregion of the cuff-bearing artery segment were selected 
from n minimum of four different planes separated by at least 
0.1 mm. The cellular composition of the entire cross-sectional 
area of the intimal lesion developing next to the anode and 
covered by ~80 to 110 ECs was analyzed in a blind fashion. The 
numbers of intimal cells arranged in one or two cell layers 
beneath the endothelium were determined for each cell type 
and expressed in relation to the number of ECs overlying the 
lesion. The total count of ECs ranged from 454 to 677 per 
animal. The numbers of subcndothelial cell profiles (with and 
without a sectioned part of the nucleus) belonging to a 
particular cell type were calculated per 100 ECs for each 
animal. The relative cellular composition was additionally 
determined by calculating the percentages of the different cell 
types within the intimal cell population. 

Statistics 

Data are presented as mean +S KM. (ilohal effects of the 
treatment with specific antibodies on the composition of the 
intimal cell population were evaluated by one-way ANOVA 
after the data were normalized with logarithmic transforma- 
tion. In the case of overall significance (attributed to P<.05), 
contrasts of selected pairs of group means were computed and 
adjusted by Holm-Bo nferroni corrections.* 4 - 33 The computer 
program Super ANOVA was used in these computations. 




Fig 1 . Electron micrographs showing characteristic features of 
intimal lesions induced by ES within 36 hours in carotid arteries 
from IgG-injected rabbits. A, Accumulation of PMNs and mono- 
nuclear leukocytes (M) between the intact endothelium (E) and 
the internal elastic lamina (I EL). B, Transendothelial migration of 
a monocyte (M). C, SMC in the process of migration from the 
media into the intima, as judged by its protrusion (arrowhead) 
through a pore ot the I EL. Bars =2 jxm. 

To test for the effect of the antibody treatment on leukocyte 
counts in peripheral blood, the area under the curve (each 
curve representing leukocyte counts over lime) was computed 
for each animal in the different treatment and control groups. 
The data were subjected to one-way ANOVA by using the 
logarithm of the area under the curve as the target variatc. 

Results 

Early Intimal Lesions of Control Arteries 

The nonmanipulated left carotid arteries of the con- 
trol rabbits treated with saline had a normal appearance 
36 hours after surgery. A morphologically intact endo- 
thelium covered the cell-free subendothelial space. No 
leukocytes were observed in association with the endo- 
thelial lining. In contrast, in the right carotid arteries 
exposed to two sessions of ES, leukocytes had populated 
the widened subendothelial space, forming lesions sim- 
ilar to those found in the stimulated carotid arteries of 
the rabbits injected with the nonspecific control antibody 
17-1 A. The leukocytes were arranged in one or two cell 
layers beneath a continuous endothelium with normal- 
appearing junctional complexes (Fig 1A). Additionally, 
they were seen adhering to, as well as trafficking 
through, the endothelium at this time (Fig IB). When 
crossing the carotid endothelium, the leukocytes prefer- 
entially used the intercellular pathway through junc- 
tional complexes, PMNs and monocytes were the pre- 
dominant cell types in the population of leukocytes 
invading the arterial intima, whereas lymphocytes, ba- 
sophils, and eosinophils were only occasionally seen. 
The number of intimal PMNs and mononuclear leuko- 
cytes, including monocytes and lymphocytes, did not 
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Fig 2. Bar graph showing accumulation of PMNs, mononuclear 
leukocytes (MLs), and SMCs within the Intimai ieslon induced by 
ES of rabbits treated with saline (n=8), nonspecific IgG (n=3), 
and anti-CD49d alone (n=5) or together with anti-CD18 (n=5). 
Antibodies and saline were injected intravenously at 0, 12, and 
24 hours. The number of intimai cells is expressed In relation to 
100 overlying ECs. For further experimental details, see "Mate- 
rials and Methods." Data represent mean^SEM. ^Significant 
difference from either control group treated with saline or non- 
specific IgG (P<.05 by ANOVA and Holm-Bonferroni-adiusted 
contrasts). 

significantly differ between the 17-lA-treated control 
and the saline-treated rabbits (P>35, Fig 2). The pro- 
portion of unambiguously identified lymphocytes within 
the mononuclear leukocyte population was also similar 
in the two control groups and amounted to 8.3 ±3.5% in 
the 17-1A group and 1.9±2.S% in the saline group, 
respectively. Basophils and eosinophils were present 
within the stimulated intima in percentages <1%, with- 
out significant differences between the two control 
groups. 

Not only did leukocytes accumulate in the stimulated 
intima of the control groups within 36 hours, but SMCs 
also started to migrate from the underlying media into 
the intimai compartment, which normally was void of 
SMCs. They were predominantly observed squeezing 
their way through pores in the internal elastic lamina 




and spreading out in the intima (Fig 1C). The number of 
SMCs that had already reached the intima was similar in 
the two control groups (17-1A control group, 14.2±2.5 
per 100 ECs; saline-treated control group, 13.1 ±1.1 per. 
100 ECs; P=.89; Fig 2). SMC migration was the domi- 
nant factor contributing to the accumulation of SMCs in 
the intima at 36 hours, since proliferation of intimai 
SMCs was first delectable after 2 days of ES, as shown in 
former studies using bromdeoxyuridinc labeling. 56 

In the left carotid arteries of the 17-1 A control rabbits 
surrounded by silent cuffs, mononuclear leukocytes also 
migrated across the endothelium and populated the 
normally acellular intimai compartment, yet at a clearly 
reduced number compared with the electrically stimu- 
lated right carotid arteries (5.6±1.7 versus 12.6+2.5 per 
100 ECs, P=M1). Likewise, SMCs were present in the 
intima under silent cuffs; their number was also signifi- 
cantly lower than in the corresponding segments ex- 
posed to ES (2.3 ±0.9 versus 14.2 ±2.5 per 100 ECs, 
P=.04). 

Early Intimai Lesions After Treatment With 
Integrin-Recognizing mAbs 

The systemic application of the anti-VLA-c^ antibody 
HP 1/2 did not affect PMN invasion into the electrically 
stimulated intima. PMNs were found to be adherent to, 
trafficking through, and lying beneath the endothelium. 
Their number within the nascent thickening was similar 
to that determined in the control arteries treated either 
with the nonspecific IgG (P=.21) or saline (f^.OS), as 
indicated in Fig 2. Basophils and eosinophils, however, 
which constituted <1% of the intimai leukocyte popu- 
lation in each control group, were fully blocked in their 
invasion into the intima by HP1/2. Monocytes and 
lymphocytes still invaded the stimulated arterial intima 
after I IP1/2 treatment, but their number was reduced to 
~30% of the IgG control value (Fig 2, P=.0003). Under 
these conditions, the number of intimai SMCs was 
significantly diminished by =50% compared with the 
control arteries (Fig 2; P=.02 versus saline, P=.04 versus 
IgG). 

When anti-VLA-t* 4 was given in combination with the 
anti-CD18 mAb 60.3, the invasion of monocytes, lym- 




Fig 3. Electron micrographs showing characteristic features of 
intima! lesions induced by ES after treatment with anti-CD49d 
and anti-CD18. A, Representative part of a transverse section 
through the stimulated carotid artery 36 hours after electrode/ 
cuff positioning and combined antibody treatment. The suben- 
dothelium is void of leukocytes. B, SMC migration into the intima 
despite complete abolishment of leukocyte invasion after admin- 
istration of both antibodies. Migration occurs beneath interen- 
dothelial contacts (arrow) and in proximity to basal protrusions of 
ECs (arrowhead). IEL indicates internal elastic lamina; E, endo- 
thelium. Bars=2 ^.m. 
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phocytes, and granulocytes (all subsets) into the intima 
of the stimulated right carotid artery was completely 
abolished after 36 hours (Figs 2 and 3A). Now, the 
number of SMCs that had migrated into the intima in 
; response to ES was reduced to a greater extent than 
after auti-VLA-a* treatment alone, reaching ~30% of 
the IgG control value (Fig 2, P=.006). As shown in 
previous experiments performed under identical condi- 
tions with the anti-CD18 mAb alone, 17 total blockade of 
neutrophil invasion did not affect SMC migration. Thus, 
we can conclude that the reduction of mononuclear 
leukocyte infiltration by >70%. achieved in the present 
experiments, accounts for the inhibition of SMC move- 
ment from the media into the intimal compartment. 

The number of intimal SMCs observed in the ES 
arteries after the combined antibody treatment (4.2±1.5 
SMCs per 100 ECs) was similar to that found in the 
contralateral arteries surrounded by cuffs alone (3.7± 1 .5 
SMCs per 100 ECs, P=.54). This minimal migratory 
response of SMCs was apparently unaffected by Icuko- 
i cytcs, since in both the cuffed and ES arteries of the 
J combined antibody treatment group leukocytes were 
j absent. Interestingly, in those rabbits receiving IgG the 
| cuffed but otherwise nonstimulated carotid arteries 
i showed similar numbers of intimal SMCs (2.3±0.9 
SMCs per 100 ECs, P=Al) as after combined antibody 
treatment. 

Circulating Leukocytes 

Tn the two control groups, total leukocyte counts 
remained on baseline levels within the first 24 hours 
after implantation of the electrodes without significant 
difference between the saline- and IgG-treated animals 
(Fig 4A, P=.l2). In contrast, peripheral leukocyte 
counts of the other groups receiving either anti-VLA-a* 
alone or in combination with anti-CD18 increased dra- 
matically within 24 hours (Fig 4 A, overall significance at 
P=.0001 evaluated by one-way ANOVA). The com- 
bined use of anti-VLA-a 4 and anti-CDl8 resulted in 
maximal leukocyte numbers of 51.7±5.7xl07jLd-» which 
was about eightfold the value found in the saline control 
arteries, whereas in the anti-VLA-t* 4 group, leukocytes 

J reached values of 16.1 ± 1.7X1 GV/*L. 

Leukocytosis evoked by anti-VLA-c^ was character- 
ized by a marked increase in the number of lymphocytes 
within the experimental period from 0 to 24 hours (Fig 
4B). PMN levels, however, remained within the range of 
the control levels during this time. When anti-VLA-a 4 
and anti-CD18 were given together, both lymphocytes 

i and PMN numbers increased, reaching significantly 
higher levels than those found in the animals treated 
with anti-VLA-a< alone (Fig 4B). Neutrophilia was 
based on a dramatic rise in juvenile PMNs from 
1.0±0.03X10 J at 0 hours to 10.6 ± 0.9 X10V/xL at 24 
hours. Only in this group of combined antibody treat- 

i ment did monocyte numbers clearlv exceed control 
values at 24 hours (Fig 4B; 0002 versus IgG, />=.0009 
versus saline). 

Discussion 

! : The central cellular feature of atherosclerotic lesions 

^ is the accumulation of SMCs, together with monocytes/ 
I macrophages and lymphocytes, in the arterial intima. 
) The SMCs are either derived from existing intimal cells 
} by proliferation or from cells that migrate in from the 
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time (h) 

Fig 4. Line plot of number of circulating leukocytes in periph- 
eral blood of rabbits treated with saline (n=8). nonspecific IgG 
(n=3), and anti-CD49d alone (n=5) or together with anti-CD 18 
(n-5) (antibody and saline administration similar to that de- 
scribed in Fig 2), A, Time dependence of total leukocyte counts 
after the different treatments. Data are expressed as 
mean±SEM. Leukocyte counts of the saline and IgG control 
group remained on baseline levels, whereas anti-CD49d alone 
and together with anti-CD18 increased leukocyte numbers 
(P=.0001 by ANOVA after determination of the area under the 
curve). B, Numbers of circulating lymphocytes (lympho), PMNs, 
and monocytes (mono) at 0 and 24 hours (note the different scale 
for monocyte counts). 

underlying media. The present study provides insight 
into the mechanisms underlying the recruitment of 
monocytes and lymphocytes during experimental intimal 
thickening and the functional significance of these leu- 
kocytes for SMC migration from the media into the 
intima. The principal findings were that (1) monocytes 
and lymphocytes that initially invade the intimal thick- 
ening through the endothelium use pathways dependent 
on both the leukocytic integrins CD11/CD18 and 
VLA-4, and (2) the mononuclear leukocytes promote 
the directed movement of medial SMCs into the intima. 

Contribution of CD 18 and VLA-4 to Leukocyte 
Infiltration During Arterial Intimal Thickening 

Using the model of electrically stimulated rabbit 
carotid artery, we recently demonstrated that the inva- 
sion of monocytes and lymphocytes into the arterial 
intima within the first 36 hours of the formation of 
fibrornuscular thickening was in part CD18 dependent. 17 
The present experiments extend this finding by showing 
that VLA-4 accounts for the CD 18-indcpcndent portion 
of mononuclear leukocyte invasion during intimal thick- 
ening, since (1) the antibody HP1/2 recognizing the 04 
subunit of the )3j integrin VLA-4 inhibited the stimu- 
lated influx of mononuclear leukocytes into the intima 
by ^70% compared with the nonspecific IgG controls, 
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and (2) the combined use of the anti-VLA-a 4 and 
anti-CD18 mAb completely blocked mononuclear leu- 
kocyte emigration. Both monocytes and lymphocytes are 
known to use multiple pathways for adhering to ECs 
under both in vitro and in vivo conditions. 20 -"- 40 These 
include interactions between (1) the leukocytic receptors 
CDlla/CD18 or CDllb/CD18 and endothelial ICAM-1 
and/or ICAM-Z,^- 44 (2) VLA-4 and the inducible 
VCAM- 1, 19 - 25 - 45 - 4 * (3) the endothelial leukocyte adhesion 
molecule- 1 (also designated E-selectin) and its leuko- 
cytic ligand(s), 37 - 47 - 49 and possibly (4) additional adhe- 
sion pathways that are as yet poorly characterized. 40 - 50 
The dominance or hierarchy of the utilized pathways 
varies with the activation and differentiation state of the 
interacting cells 5 ' as well as with time. 27 In our experi- 
ments, the CD18-dependent and VLA-4 -dependent 
interactions dominated and appeared to be sufficient for 
the recruitment of mononuclear leukocytes within the 
first 36 hours of experimental intimal thickening. Inter- 
estingly, despite blockade of both CD49d and CD18, 
some mononuclear leukocytes were observed adhering 
to the endothelium, suggesting a potential involvement 
of additional receptor/1 igajid pairs in the adhesion pro- 
cess. However, these adhesive interactions seemed to be 
"abortive" under the applied conditions, since they did 
not result in final accumulation in the subcndothclial 
space of the carotid intima. The present study was not 
intended to distinguish whether the adhesion molecules 
are preferentially involved in adherence or transendo- 
thelial migration. As suggested from a substantial body 
of in vitro studies, the adhesion of monocytes, 52 lympho- 
cytes, 51 * and FMNs*-'* 54 to the endothelium is predomi- 
nantly mediated by CD18-independent pathways, 
whereas the migration across the endothelium is domi- 
nated by CD18-dependent mechanisms. However, a 
significant VLA-4 -dependent component in the chemo- 
tactic factor-induced migration of monocytes across 
activated endothelium has also been reported. 55 Future 
experiments are required to determine whether differ- 
ences in the utilization of CD18 and VLA-4 during the 
adhesion and transendothclial migration also exist in our 
model. 

The dependence of mononuclear leukocyte recruit- 
ment on VLA-4 and CD11/CD18 during fibromuscular 
thickening provides indirect evidence for the expression 
of the appropriate counterreceptors on the endothelial 
surface. VCAM-1 has been reported to be expressed by 
endothelial cells and by intimal suhpopulations of SMCs 
and macrophages in both diet-induced 36 - 58 and human 
atherosclerotic lesions. 59 -* 0 Additionally, increased im- 
munoreactivity for ICAM-1 has been demonstrated at 
the arterial luminal surface of human atherosclerotic 
plaques. 59 - 61 - 62 On the basis of our findings, it may be 
speculated that both of these inducible endothelial ad- 
hesion molecules arc expressed by the carotid endothe- 
lium during fibromuscular thickening in response to ES. 

As far as granulocytes are concerned, the present 
work also provides information on the pathways under- 
lying the immigration of basophils and eosinophils into 
the developing lesion. The occurrence of basophils and 
eosinophils in arterial thickening, although minimal 
compared with neutrophil invasion, is not a curiosity of 
our model. All subclasses of granulocytes have been 
described to be present in other models of experimental 
arteriosclerosis. 13 - 03 - 65 On their way into the electrically 



induced thickening, basophils and eosinophils used the 
VLA-4-dependent pathway, as judged by the complete 
abolishment of their influx by the anti-VLA-a 4 mAb. 
Neutrophil involvement, however, remained unaffected 
by this antibody. These results extend our previous 
observations that the anti-CD18 mAb 60.3 had no 
detectable effect on the accumulation of basophils and 
eosinophils in the electrically stimulated arterial inti- 
ma. 17 Additionally, our data are in line with in vitro 
studies demonstrating that the adherence of basophils 
and eosinophils to cytokinc-activatcd cultured ECs is 
dominated by the VLA-4 pathway and scarcely affected 
by CD18 antibodies, 2123 whereas neutrophil binding was 
shown to be VLA-4 independent. 21 - 22 - 52 

Effect of Mononuclear Leukocytes on 
SMC Migration ' « . 

The time frame in the present study (ie, termination 
of all experiments 36 hours after electrode implantation) 
was designed to examine the initial migration of SMCs 
as they start to move across the internal elastic lamina 
from the underlying media into the intimal compartment 
within the first 2 days of ES. 1618 At this time, an increase 
in the replication rate of SMCs was not yet detectable in 
the intima/ 6 suggesting that the SMCs identified at 36 
hours within the ES intima were derived from cell 
migration but not cell proliferation. 

From previous experiments, we can exclude PMNs as 
cellular mediators in SMC migration. 17 The present 
experiments indicate that the mononuclear leukocytes 
that accumulate within the nascent thickening promote 
SMC movement into the intima, since inhibition of 
mononuclear leukocyte infiltration by ^70% achieved 
with anti-VLA-a 4 treatment resulted in reduced SMC 
migration. Moreover, the complete abolishment of 
mononuclear leukocyte influx by anti-VLA-ot4 plus anti- 
CD 18 led to an even more pronounced reduction in the 
number of intimal SMCs. Monocytes/macrophages, 
which prevail in the population of infiltrating mononu- 
clear leukocytes (at —90%), are good candidates for 
promoting SMC migration. They have the capacity to 
secrete not only proteolytic enzymes, which are capable 
of degrading the cage of extracellular matrix surround- 
ing SMCs, 66 * 6 * but also chemotactic substances for 
SMCs, eg, PDGF." In fact, a rapid increase in PDGF-B 
chain expression was detected in rat carotid arteries 
exposed to the same method of ES as used in the present 
study 69 ; however, without determining the cellular asso- 
ciation. It is intriguing to raise the hypothesis that 
PDGF-B is indeed expressed in monocytes/macrophages 
in our model, as determined in human and nonhuman 
primate atherosclerosis 7 and that PDGF is one of the 
mediators of the migration-promoting effect on SMCs, 
as shown in other in vivo models of intimal thicken- 
ing. 8 - 4 ' 711 Whether the lymphocytes, which arc also mem-, 
bers of the mononuclear leukocyte population, also 
affect SMC migration, eg, by activating macrophages or 
by altering the responsiveness of SMCs to chemotactic 
factors, remains to be determined. It is less likely that 
the anti-CD 18 or anti-VLA-a 4 antibody may exert a 
direct suppressive effect on SMC migration, since the 
CD 18 integrins are exclusively expressed on leukocytes 20 
and VLA-4 has so far not been demonstrated on adult 
vascular SMCs, 5 "- 71 although a 4 expression has been 
detected on fetal SMCs. 72 However, it cannot be ex- 
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eluded that the antibodies indirectly affect SMC func- 
tions by interfering with SMC/leukocyte interactions 
mediated by ICAM-1 or VCAM-1, which both were 
shown to be expressed by SMGs in atherosclerotic 
lesions. 58 - 60 -* 2 In the case of the combined treatment with 
anti-VLA-o£ 4 and anti-GDI 8, however, SMC/leukocyte 
interactions seem unlikely to occur, because leukocyte 
entry into the intima was completely blocked. 

In addition to the leukocyte-dependent portion of 
SMC migration, our results also suggest that at least one 
third of the SMCs present in the early intimal lesion 
migrated independently of mononuclear leukocyte infil- 
tration. This suggests that mononuclear leukocytes con- 
tribute only partially to the control of SMC migration 
and that additional systems are involved in regulating 
the migratory behavior of SMCs. ECs, for example, may 
be an additional regulatory component because of their 
ability to synthesize and release chemoattractants for 
SMCs 73 * 74 and to generate plasminogen activators that 
can induce and amplify the degradation of the matrix 
surrounding stimulated SMCs. 75 It is interesting to note 
that SMCs that migrated in the absence of mononuclear 
leukocytes into the intima were often observed closely 
interconnected with basal protrusions of HCs or beneath 
interendothelial contacts. It cannot be excluded that 
substances derived from the plasma that gain access to 
the arterial intima (eg, by enhanced endothelial perme- 
ability as observed after brief ES J6 ) may also play a role 
in promoting SMC migration. 

In conclusion, our findings show that in the rabbit 
model of electrically induced intimal thickening, the 
abolishment of mononuclear leukocyte invasion into the 
arterial intima reduced SMC migration, indicating a role 
for these leukocytes in stimulating lesion development 
and, possibly, in atherogenesis. The entry of mononu- 
clear leukocytes was inhibited by blocking VLA-4 - 
dependenl and CD18-dependent adhesion mechanisms, 
suggesting that the expression of the respective endothe- 
lial counterreceptors is indirectly involved in mediating 
SMC migration. 
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Inhibition of Leukocyte Extravasation With a 

Monoclonal Antibody to CD18 During 
Formation of Experimental Intimal Thickening 

in Rabbit Carotid Arteries 

Dorothee Kling, Jurgei Fingerle, and John M. Harlan 



In the rabbit model of electrically induced intimal thickening, the adherence processes of different 
leukocyte subsets as well as the functional significance of leukocyte invasion in the Initial migration of 
smooth muscle cells (SMCs) into the intima were studied by using monoclonal antibody (MAb) 60.3 
(directed to the leukocyte adherence glycoprotein CD18), a known potent inhibitor of leukocyte adhesive 
functions. In control carotid arteries exposed to two periods of electrical stimulation within 36 hours, 
leukocytes, including all granulocyte subsets, monocytes, and lymphocytes, invaded the cell-free suben- 
dotheliunL Concomitantly, SMCs were observed to migrate from the media into the intima. In the MAb 
60 3-treaUd rabbits, however, neutrophil emigration into the stimulated arteries was abolished, whereas, 
mononuclear leukocyte accumulation in the Intima was only partially inhibited, Indicating a complete 
CD18-dependent mechanism for neutrophil extravasation and additional rcceptor-ilgand systems for the 
emigration of mononuclear leukocytes. SMCs moved into the intima despite complete blockage of 
neutrophils and the reduced accumulation of mononuclear cells within the subendotheUum after MAb 
administration. These results preclude neutrophils as initiators of SMC migration into the Intima. The 
influence of mononuclear cells on the migratory behavior of SMCs in intimal thickening formation, 
however, needs further elucidation. {Arteriosclerosis and Thrombosis 1992;12£97-1007) 

Keywords • intimal thickening • endothelium • leukocyte extravasation • leukocyte adhesion 
molecules • CD18 complex • smooth muscle cell migration • rabbit carotid artery 



A dherence of monocytes and lymphocytes to the 
/\ arterial endothelium, their transendothelial mi- 
JL JL. gration, and their accumulation within the in- 
tima have been frequently described as early events in 
human and experimental atherosclerosis, 1 - 14 In ad- 
vanced lesions also, significant amounts of mononuclear 
cells have been identified. 6 - 15 - 20 Evidence exists that the 
mononuclear leukocytes, in addition to the well-recog- 
nized lipid-scavenging function of monocytes/macro- 
phages, may contribute to lesion initiation and progres- 
sion by secreting a variety of inflammatory mediators, 
cytokines, and growth factors (reviewed in References 
21-24). Granulocytic ceils, although attracting minor 
attention, have also been reported to occur in both 
human atherosclerotic plaques and experimentally in- 
duced intimal thickenings. 6 * 13 ' 16 ' 17 * 25 Their functional sig- 
nificance in the development of intimal lesions is still a 
matter of speculation. 25 - 27 

In the model that induces intimal thickening in rabbit 
carotid arteries in response to electrical stimulation 
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(ES), 28 we previously demonstrated a massive initial 
invasion of both granulocytes and mononuclear cells ' 
into the developing lesion. This event was observed in 
the presence of a continuous yet functionally and struc- 
turally altered endothelium, and it preceded the accu- 
mulation of smooth muscle cells (SMCs) within, the 
arterial intima. 29 * 30 Within 4 weeks, intimal thickenings, ' 
primarily consisting of SMCs and to a minor extent 
mononuclear cells, developed in normocholesterolemic 
rabbits. 29 These thickenings resembled fibromuscular 
intimal lesions formed either after balloon catheter 
injury 31 or by perivascular manipulation. 13 * 33 - 34 Initial 
events like endothelial damage and leukocyte involve- 
ment, however, differed between the various models. In 
addition, a cholesterol-rich diet fed during ES resulted 
in atheroma-type lesions containing macrophage-de- 
rived foam cells as well as lipid-laden SMCs and show- 
ing signs of necrosis, 28 * 35 hence bearing some of the 
features of human atherosclerosis. 

In the present study, interest was focused on 1) the 
processes mediating leukocyte adhesion and emigration 
into the vessel wall in this animal model and 2) the 
functional relation that might exist between leukocyte 
invasion and SMC migration into the arterial intima. 
Our tool in elucidating these problems was- the^jp^ 
clonal antibody (MAb) 60.3, which recognizes thHeu- 
kocyte membrane glycoprotein CD18 and which has 
proven to be a potent inhibitor of leukocyte adherence 
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to the endothelium in different models (reviewed in 
Reference 36). At the level of the election microscope, 
we examined whether MAb 603 was able to interfere 
with adhesion and diapedesis of leukocytes in vivo after 
endothelial activation by weak ES. Furthermore, we 
tested whether inhibited leukocyte invasion would mod- 
ulate the migration of medial SMCs into the ultima. The 
model of electrically induced intimal thickenings is 
particularly suited to these investigations, as both leu- 
kocyte invasion and signs of SMC migration are prom- 
inent features within the first 2 days of the stimulation 
program, hence avoiding prolonged antibody treatment. 

Methods 

Monoclonal Antibody 

MAb 603 is a murine immunoglobulin (Ig) G u anti- 
body that recognizes all three heterodimers of the 
membrane glycoprotein complex CD11/CD18 expressed 
on human leukocytes (B and T lymphocytes, monocytes, 
and polymorphonuclear leukocytes but not red blood 
cells, platelets, or cultured endothelial cells 37 ). It binds 
to a functional epitope on the common /fe-chain (CD18) 
and has the advantage of cross-reactivity with cell- 
adhesion molecules of leukocytes from other species 
(reviewed in Reference 38). MAb 603 was prepared 
according to Beatty et al. 39 Briefly, a BALB/c mouse was; 
immunized with alloantigen-activated T cells. Ascites, 
fluids were obtained from pristine primed BALB/c mice 
inoculated intraperitoneally with 5x10 6 faybridoma 
cells; The antibody was purified fay solid-phase absorp- 
tion on staphylococcal protein A columns. The antibody 
concentrations in the stock solutions were 2-5 mg/ml. 
In cases where 0.01% NaN 3 was added to the antibody 
solutions, it was removed by exhaustive dialysis against 
sterile phosphate-buffered saline. 

Animals and Experimental Design 

Male New Zealand White rabbits (1.4-1.8 kg body 
weight, n=12), obtained from Thomae GmbH (Biber- 
ach, FRO), were used for the study. They were fed a 
norma! rabbit standard diet (Altromin GmbH, Lage, 
FRG) during acclimatization in the animal department 
for at least 1 week as well as during the experiment. The 
right carotid arteries of the rabbits were exposed to 
transmural ES, which is known to elicit intimal thicken- _ 
ing. M In addition, one group of animals (n=7) received 
MAb 60.3 before as well as during ES; the others (n=5) 
received sterile saline as a control The following exper- 
imental protocol was used. After anesthesia of the 
rabbits (15 mg metomidate hydrochloride and 0.1 mg 
fentanyl base/kg body wt i.m.), two graphite-coated gold 



FIGURE 1. Experimental design for electrical stimulation 
(ES) of carotid arteries from rabbits treated with monoclo- 
nal antibody (MAb) 603. Control rabbits were exposed to 
the same schedule but received injections of saline rather 
than MAb 60.3. TEM, transmission electron microscopy. 



electrodes were attached to the adventitia of the right 
carotid artery and held in a diametrical position by a 
flexible Teflon cuff. The electrodes were subcutaneously 
connected with a plastic socket in the skull, as already 
described. 28 - 29 With this stimulation device, direct-cur- 
rent impulses (0.1 mA, 15 msec/impulse, 10 Hz) were 
applied to the artery wall of the conscious rabbit in two 
sessions; the first occurred 14 hours after surgery and 
lasted for 30 minutes, and the second 12 hours later for 
a duration of IS minutes (Figure 1). The left carotid 
artery remained electrically unstimulated and served as 
an intraindividual control Simultaneously with the im- 
plantation of the electrodes, the first injections of MAb 
60.3 or saline were given via the marginal ear vein. Five 
animals were treated with 2 nig MAb 603/kg body wt, a 
dose that had been determined to completely saturate 
CD18 binding sites on polymorphonuclear neutrophils 
(PMNs), 40 and two animals received 3 mg MAb 603/1% 
body wt. The control rabbits (n=5) were injected with 2 
ml saline, a volume equivalent to that given the MAb- 
treated a tHHinls- Under anesthesia (8 mg metomidate 
hydrochloride and 6.07 mg fentanyl base/kg body wt 
Lm.), the MAb or saline injections were repeated twice 
at intervals 12 hours, i.e., the second and third 
occurred 2 hours before the respective period of ES 
(Figure 1). Blood samples were drawn immediately 
before each MAb or saline administration, as well as at 
the end of, the experiments for determination of total 
and differential leukocyte counts. Thirty-six hours after 
surgery, animals were anesthetized and their carotid 
arteries perfused through the left ventricle at a pressure 
of 80-100 mm Hg with 0.1 M cacodylate-buffered 1.25% 
glutaraldehyde, as already described, 29 The carotid ar- 
teries were carefully excised, the cuff was removed after 
earmarking the adventitial side next to the anode, and 
the vessels were stored in fixative (same composition as 
above). 

The experimental protocol was reviewed and ap- 
proved by the University of Tiibingen Animal Care 
Committee. 

Tissue Processing for Electron Microscopy 

After immersion-fixation for at least 24 hours, the 
arteries were processed for transmission electron mi- 
croscopy. He clearing _artery_segmegls were bg. 
sected, allowii^ examinari^pttfife vessel wall changes 
in ffie^mid-region of the cylindrical segment, i The left 
carotid arteries were also subdivided into rings approx- 
imately 3 mm long. All samples were-postfixed in \% 
Os0 4 , dehydrated through graded alcohols, stained en 
bloc in alcoholic uranyl acetate, embedded in Araldite, 
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FIGURE 2. Photomicrographs of leukocytes associated with die endothelium of electrically stimulated carotid arteries from rabbits not 
treated with MAb 60,3. Panel A: Pc^yrnorphonuckar neutrophil (PMN) sending several protrusions into interendothelialgaps. Note the 
dose membrane apposition between the neutrophil and the endothelial cells (E). Panel B: Monocyte (M) protruding through the 
endothelium (E) to the subendothelial space (SES). IEL, internal elastic lamina. Panel C: Lymphocyte (L) characterized by an ova/ 
nucleus with deep indentations and a narrow rim of clear cytoplasm is attached to the endothelium (E). Panel D: Eosinophilic 
granulocyte (EO) containing crystalloid structures (arrows) within its granules is lying between two endothelial cells (E). Bars=! unu 

In the MAb-tfeated rabbits, the accumulation of reduced. As shown in Figure 4, PMNs were totally 
leukocytes in the intima next to the anode of carotid absent in the intima of MAb-receiving animals, whereas 
arteries exposed to two periods of ES was clearly basophil and eosinophil counts remained unchanged. 
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Figure 3. Photomicrographs of leukocytes accumulating within the subendothelium from control rabbit carotid arteries after 
exposure to the stimulation program for 36 hours. Panel A: Polymorphonuclear neutrophil (PMN) and monocytes/macrophages 
(M0) are arranged in a single layer between the intact endothelium (E) and the internal elastic lamina (IEL). Panel B: Villous 
cytoplasmic processes (arrows) of a macrophage are protruding toward the internal elastic lamina. Note fragmentation of the 
lamina and a pseudopod of a smooth muscle cell (arrowhead) next to the protrusions. Panel C: Macrophage squeezing throu&i 
the internal elastic lamina. E, endothelium. Panel D: Plasma ceU (P) with its distinctive well-packed, rough endoplasmic reticulum 
lying beneath the endothelium and making contact with a macrophage. Bars-2 pnx 
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Figure 4. Bar graph showing accumulation of differ ntcell 
types within the rabbit carotid intima after exposure to 
electrical stimulation for 36 hours and treatment of the 
animals with either monoclonal antibody (MAb) 60.3 (2 
mg/kg) or saline (control). Number of intimal cells belonging 
to a particular cell type is expressed in relation to 100 
overlying endothelial cells. Data given represent mean+SD of 
five animals in each experimental group. Asterisks indicate a 
significant difference at p<0.05 compared with saline-injected 
control rabbits (Wilcaxon test). Mononucl, mononuclear; 
PMN r polymorphonuclear neutrophils; SMC, smooth muscle 
cells; unident, unidentified 

Degenerating granulocytes were rarely seen attached to 
the endothelium, but they were never found within the 
subendothelium. The invasion of both monocytes and 

.lymphocytes into the arterial intima under ES condi- 
tions was not completely prevented by applying the 
antibody jn doses of 2 mg/kg body wt Mononuclear : 
cells were observed either migrating through or already 
beneath an intact endothelial lining. However, the - 

. number of ^ located mononuclear ; 

cells was significantly lower than that in the control 
rabbits and was approximately one third of the value 
established in the saline-injected animals (Figure 4; 
one-sided increasing the; 

arittaki^d mg/kg body wt was not effective in 

atolishing emigration of monocytes aid lymphocytes. In 
two rabbits a dose of 3 mg/kg body m resulted in 7±2 
intimal mononuclear cells, which was in the same range 
as in the animals injected with 2 mg/kg (i.e., 6±4 
mononuclear cells/100 ECs). Plasma cells were not seen 
within the intima of the stimulated arteries of the 
MAb-treated animals. 

Smooth Muscle Cell Migration Into the Intima 

Responses to two sessions of ES were characterized 
not only by the invasion of leukocytes into the suben- 
dothelium but also by SMC migration from the media 
into the intima. Thus, in the carotid arteries of control 
animals exposed to the described stimulation schedule, 
after 36 hours SMCs were frequently seen in the process 
of sending pseudopods through pores of the internal 
elastic lamina and spreading out into the intima (Figure 
5). These SMCs exhibited ultrastructural features of the 
intermediate phenotype (i.e., clearly visible myofila- 
ments in the peripheral zone, an enlarged perinuclear 
space free of myofilaments but enriched with mitochon- 
dria, and rough endoplasmic reticulum). In some in- 



stances, the nucleated part of the SMC had already 
reached the intima where leukocytes had predominated 
thus far. The proportion of muscle cells within the 
entire subendothelial cell population amounted to 
39+10%. 

In the MAb-treated rabbits SMC movement into the 
intima was not prevented despite reduced accumulation 
of leukocytes (Figure 4). It is important to note that 
migrating SMCs were often found in areas where mono- 
cytes/macrophages had accumulated in the intima. 

Total and Differential Leukocyte Counts 
in Peripheral Blood 

Total leukocyte counts of ES rat-Hits treated with 2 
mg MAb 60.3/kg body wt were compared with those of 
animals injected with saline (Figure 6). In the control 
animals a moderate increase in the number of periph- 
eral white blood cells was established 12 hours after 
implantation of the electrodes and the first saline injec- 
tion, indicating an inflammatory reaction to the surgical 
procedure of electrode placement. Leukocyte counts, 
however, returned to baseline levels at 36 hours 
(3.0±1.6xl0 3 //il). In animals given MAb 60.3 there was 
marked leukocytosis at all times studied (maximally, 
19.8±23xl0V/d at 24 hours), showing a significantly 
different course from animals not treated with MAb 
(quadratic analysis of cpvariance, p<0.05). 

With regard to the different leukocyte subsets (Figure 
7), a cell type-specific effect of both MAb treatment 
and tune was determined by using multrway analysis of 
variance (p<Q.01). In particular, the relative amounts 
of PMNs (i.e., juvenile' and mature forms together) 
increased within the first thirtf of the examination 
interval in both experimental groups. However, in the 
MAb-treated animals the rise in the percentages of the 
juvenile PMNs was more pronounced (Figure 7). They 
reached a levtli of 2P±5% at 12 hours, which is signifi- 
cantly dMerent fxpiri tjie respective value in the control 
group (6±3%, p<0.05). This difference in the amount 
of juvenile PMNi between MAb-treated . and control 
animals was maintained over the entire period studied. 
Both total axidvdiffcirential leukocyte counts revealed 
tfiat MAb adrJiuiistration resulted in marked neutro- 
philia, which was at least partly based on an increased 
mobilization of juvenile PMNs. 

Discussion 

Using the model of electrically induced intimal thick- 
ening in the rabbit carotid artery, we have demonstrated 
that 1) MAb 60.3 completely abolished the initial emi- 
gration of PMNs as well as their accumulation within 
the intima, 2) MAb 60.3 only partially inhibited the 
invasion of mononuclear cells, and 3) the reduced 
infiltration of leukocytes did not prevent SMC migration 
into the intima. 

The abolishment of PMN accumulation in the ES 
intima by MAb 60.3 suggests that PMN adherence 
and/or extravasation are primarily CD18-mediated pro- 
cesses. This finding confirms in vnro data, which showed 
that MAb 60.3 inhibited adhesion of stimulated human 
PMNs to human EC monolayers, 37 44 and it is in accor- 
dance with a number of results from in vivo studies in 
which the antibody profoundly hindered neutrophil 
emigration in response to inflammatory stimuli (re- 
viewed in Reference 36). Our data were obtained by a 
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Figure 7;^ Bar graphs showing percentages of different 
leukoctfe stibs&in peripheral blood before and after injection 
of saline icontrots; upper panel) and rnonoclonal antibody 
(MM) 603 (to^er panel). For clarity, relative amounts of 
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were^ n^d^c^timei^wWi 
treatnient. means of fi^e animals in each 

experimenUd group with error ban indicating SD. In the case 
of monocytes, error ban were not inserted for reasons of 
clarity. PMNs, polymorphonuclear neutrophils. 

that the described rabbit homologue of VCAM-1 would 
account for the CD18-independent portion of mononu- 
clear cell adherence in our model 

Regarding the effects of the inhibited leukocyte inva- 
sion on the development of intimal thickening, espe- 
cially on SMC migration, no causal connection was 
detected between PMN infiltration and SMC migration 
into the intima. PMNs have also been described in other 
models of experimental intimal thickening or athero- 
sclerotic lesions, 6 - 13 but their functional signifi- 
cance was a matter of speculation. In addition to the 
putative role in remodeling the arterial wall, 25 they were 
reported to have the potential to stimulate SMC prolif- 
eration. 27 Whether PMNs exert this proliferation-pro- 
moting function in our model, thereby contributing to 
intimal thickening, requires further investigation. How- 
ever, a triggering effect of PMNs on SMC migration into 
the intima can be excluded by our results. 



The fact that SMCs occurred within the intima of the 
MAb 603-treated rabbits, despite the reduced accumu- 
lation of mononuclear cells, leaves open the question of 
what role mononuclear cells play in SMC migration. 
From our results we can only conclude that processes 
that induce SMC movement toward the intima are 
sufficiently stimulated, although mononuclear cell infil- 
tration is diminished. Monocytes/macrophages, fre- 
quently observed in close association with SMCs that 
penetrate pores of the internal elastic lamina in the 
early lesions of our model, could provide mediators for 
SMC migration. A secretory product of monocytes/ 
macrophages, platelet-derived growth factor, for in- 
stance, was shown to have chemotactic activity for 
fMCfc. 24 * 61 - 63 Other mechanisms, however, may also be 
i .volved in regulating the migratory behavior of SMGs 
(e.g., releasing chemoattractants from EOs 64 ** 9 or gen- 
erating tissue-type plasminogen activator 46 ). Tools ca- 
pable of eliminating the CD18-independent portion of 
mononuclear cell emigration will help elucidate the 
contribution of these cells to SMC migration. 

In conclusion, the model of the ES rabbit carotid 
artery has proven to be suitable for investigating 1) the 
mechanisms underlying the enhanced recruitment of 
leukocytes during intimal thtefrgning formation and 2) 
the link between leukocytes that invade the arterial 
intima and vascular SMC migration. Essential prerequi- 
sites for this study were the presence of a morphologi- 
cally intact endothelium and the speed of SMC migration 
into the intima, which proved even faster than after 
balloon catheter injury 67 Present work provides evidence 
that the leukocyte adhesion complex CD18, recognized 
by MAb 60 J and in conjunction with the corresponding 

'. endothelial counterreceptors, accounts for both neutro- 
phil and mononuclear cell emigration. For nxononudear 
leukocytes, howeveT, i:; arj inhibited extravasation with . 

„ CD18 MAb achieved, indicating the 

involvement '^ systems. The 

fact that complete elimination of PMN emigration failed 
topreventjs^ 

this key eviMiS^n .ihe development of intimM lesions. This 
fading a the understanding of 

SMC behavior in experimental intimal thickening and, 
possibly, in atherogenesis. . 
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Structure-Based Strategies for 
Drug Design and Discovery 

Irwin D. Kuntz 

Most drugs have been discovered in random screens or by exploiting information about 
macromolecular receptors. One source of this information is in the structures of critical 
proteins and nucleic acids. The structure-based approach to design couples this infor- 
mation with specialized computer programs to propose novel enzyme inhibitors and other 
therapeutic agents. Iterated design cycles have produced compounds now in clinical trials. 
The combination of molecular structure determination and computation is emerging as an 
important tool for drug development. These Ideas will be applied to acquired immunode- 
ficiency syndrome (AIDS) and bacterial drug resistance. 



Will the next generation of pharmaceuti- 
cals arise from a combination of crystallog- 
raphy and computational methods (J-5)? 
While I share the enthusiasm for structure- 
based drug design (6-8), it is the newest of 
several approaches to the lengthy process of 
finding and developing therapeutic agents 
(Table 1). One important discovery proce- 
dure is high-volume "random" screening of 
natural products, corporate databases of 
compounds, or peptides and oligonucleo- 
tides. Another method is the interception 
of specific biochemical mechanisms. Vac- 
cine development is yet another route to 
anti-infectives. Finally, there are well-de- 
veloped "active analog" approaches to im- 
prove upon initial discoveries. Any of these 
techniques, singly or in combination, can 
play a pivotal role in finding new drugs. 

Can we design drugs from first princi- 
ples, creating a molecule with a specific 
mode of action and acceptable biological 
properties? Today's answer is "no." What 
we can reliably expect is to design inhibi- 
tors, especially enzyme inhibitors, and to 
begin the long process of drug development 
from a sensible starting point. 

Fifteen years ago, Seymour Cohen pro- 
posed a general paradigm for developing 

The author is in the Department of Pharmaceutical 
Chemistry, School of Pharmacy. University of Califor- 
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drugs for infectious diseases (9). Infectious 
agents, such as viruses; bacteria, fungi, or 
protozoa, encode or carry their own crucial 
enzymes and nucleic acids, which serve as 
obvious targets for intervention. In the 
succeeding decade and a half, the ability to 
identify, clone, express, and purify proteins 
and nucleic acids has increased enormously, 
making highly specific in vitro assay systems 
commonplace. These assays, in turn, lead 
to effective strategies for the discovery of a 
wide variety of inhibitors (10). Structural 
techniques have also advanced, and high- 
resolution molecular anatomies can be de- 
termined by crystallographic and magnetic 
resonance experiments. Thus the pieces are 
in place to extend Cohen's concept to 
structure-based design (1, 3, 7, II, 12).^ 

I will draw examples from AIDS and 
bacterial drug resistance. These two major 
health problems have three features in com- 
mon: recent starting points as public health 
issues, known etiologies, and a large num- 
ber of macromoiecules as potential targets 
(Table 2). 

Screening 

The vast majority of drugs in the market- 
place were derived from discoveries in 
large-scale screens or from analog develop- 
ment programs. Robotic systems can per- 



thousands of tests per day by means of 
rauioactive labeling or spectroscopic detec- 
tion, and further improvements can be 
expected (J 3). It is feasible to scan an 
entire corporate database (for example, 
100,000 to 500,000 compounds) in less 
than a year's time. The coupling of cell 
metabolism to microsensors opens the door 
to rapid surveys of toxicity and function at 
the cellular level (14). The only current 
approved drugs against human immunode- 
ficiency virus (HIV) were detected with 
screening techniques (15) and so were the 
original generation of antibiotics. 

Understanding the biological or bio- 
chemical mechanism of a disease often sug- 
gests the types of molecules needed for new 
drugs (16, 17). Examples are substrate or 
cofactor analogs for thymidylate synthase as 
antitumor agents (18, 19) ox the develop- 
ment of the captopril family of antihyper- 
tensives (17). In a similar manner, cla- 
vulinic acid acts as a p -lactamase inhibitor 
(20). Such efforts represent a proven route 
from test tube to pharmacy. 

Substrate-Based Design of 
Protease Inhibitors 

There are circumstances in which the 
"rational" design of inhibitors can be per- 
formed without a target structure. A good 
example is a two-step protocol for devel- 
oping protease inhibitors: (i) characterize 
the substrate specificities of the protease; 
and (ii) synthesize peptides with similar 
features but with the hydrolyzable amide 
bond replaced by a nonreactive "isostere." 
The peptides can subsequently be opti- 
mized by modifications in the side chains 
or backbone. This approach has been used 
for renin inhibitors (21) and for inhibitors 
of the HlV-1 protease (22). One can 
proceed further by adding specific moieties 
such as chloromethyl ketones or phospho- 
nates that are capable of forming transi- 
tion-state analog complexes with the 
enzyme. Among the examples are inhibi- 
tors of the Schistosoma mansoni cercarial 
elastase (23) and carboxy peptidase A 
(24). It is reasonable to expect to obtain 
peptidetike inhibitors with nanomolar in- 
hibitory constants in in vitro assays after I 
year of effort. 

Table 1. Drug development steps (71). 

Step Years 

Discovery and lead generation 
Lead optimization 
In vitro and in vivo assays 
Toxicology trials 
Human safety trials 
Human efficacy trials 
Total development time 



() ft 



1-2 
1-2 
1-2 
1-3 
1 

1-2 
6-12 
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The design of protease in ors provides 
a directed and logical progression. This strat- 
egy is greatly assisted by the recent dramatic 
improvements in peptide synthesis and in 
screening by chemical or biological means 
(25-28). However, for many applications, 
there are problems with peptide-like agents 
as drugs (29). Frequently, they have short 
biological half-lives and poor bioavailability. 
Binding kinetics must also be considered 
(30). Hydrolysis can be reduced with D-ami- 
no acids or additional backbone modifica- 
tions, but rapid clearance remains a general 
problem for molecular sizes above 800 to 
lOOOdaltons. The prospects for oral delivery 
of peptides are uncertain, but injectable 
formulations are readily accessible, and oth- 
er delivery modes — such as inhalation, nasal 
absorption, or electroporation — are under 
active study (31). The conversion of a pep- 
tide-based inhibitor into an orally active 
drug is an important challenge for the fie Id of 
synthetic chemistry. There is no general 
solution to this "peptidomimetic" problem, 
but efforts include modification of the amide 
backbone (32), cyclization (33), 0-tum 
mimics (34), and the use of unusual amino 
acids (35) . Analogous issues arise in the use 
of oligonucleotides as therapeutic agents 
(36, 37). 

Computational Strategies 

Computer-based techniques can assist in 
both the discovery and the optimization of 
lead compounds. Macromo'ecular struc- 
tures are useful in this effort, but they are 
not required if families of active compounds 
are available. In this seminal work, Hansen 
examined quantitative structure-activity re- 
lationships (QSAR) between biological ac- 
tivity and the underlying chemical proper- 
ties such as atomic charges, oil- water parti- 
tion coefficients, and molecular volumes 
(38) Extensions of the approach to three- 



dimensional (3-D) representation. e 
available (39, 40). Alternatively, large da- 
tabases of compounds can be searched for 
molecules with chemical or structural sim- 
ilarity to active leads. These methods have 
had relatively little impact on AIDS re- 
search to this point, but they have played a 
role in the development of sulfanilamide 
and cephalosporin antibodies (41, 42). 

Structure-Based Design 

The central assumption of structure-based 
design is that good inhibitors must possess 
significant structural and chemical comple- 
mentarity to their target receptor (43). A 
four-step cycle for combining structural in- 
formation and computational efforts is illus- 
trated in Fig. 1 . A structure of any form of 
the receptor provides a starting point for 
direct modeling activities. The structures of 
I igand -receptor complexes or of homolo- 
gous receptors also contain valuable infor- 
mation. Repeated application of the cycle 
of Fig. 1 has led to compounds in clinical 
trials (3, 4). Structural insight is enhanced 



by a variety of computer programs, ranging 
from interactive designs with computer 
graphs to automated database searching 
(44) (Table 3). Several biotechnology com- 
panies have been formed primarily to carry 
out structure-based design, and most major 
pharmaceutical companies have structural 
and computational groups as part of their 
drug discovery effort. 

Our own experience in the discovery of 
lead compounds illustrates this partnership 
of structure determination and computa- 
tional efforts. We have developed a com- 
puter program called DOCK (45) that is 
used to solve the 3-D jigsaw puzzle of fitting 
putative "ligands" into appropriate sites on 
the receptor. A starting point is an x-ray 
crystallographic structure of the macromol- 
ecule. High-quality model-built structures, 
based on homologous proteins, are also 
proving useful (23). DOCK explores three 
important aspects of drug discovery: cre- 
ation of a negative image of the target site, 
placement of the putative "ligands" into 
the site, and evaluation of the quality of fit 
(12,45-47). 



Fig. 1. General approach to the 
structure-based design of biolog- 
ical inhibitors. Begin with the de- 
termination of the structure of the 
target receptor. Theoretical prin- 
ciples and experimental data are 
used to propose a series of puta- 
tive ligands. These compounds 
are synthesized and tested. The 
final step is the determination of 
the structure of the receptor-li- 
gand complex. The figure empha- 
sizes the cyclic and mutlidis- 
ciplinary aspects of this type of 
project. 
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Table 2. Macrornolecular targets (A) for inhibition of HIV (72, 73) and (B) for drug-resistant bacteria. 



Target 


Function 


Intervention 


Structures 


A CD4 


Human cell recognition site 


Vaccines, soluble CD4 


X-ray (74. 75) 


gp120 


Viral protein that recognizes CD4 - 


Vaccines, soluble CD4 




p24 


Capsid stability 






Reverse transcriptase 


Converts viral RNA into DNA 


AZT, ddC, ddl 


X-ray (76, 77) 


RNA-DNA 


Transcription intermediate 


RNA, DNA ligands 


Model 


RNase H 


Removes viral RNA 


RNase inhibitors 


X-ray (78-41) 
NMR (82. 83) 


Integrase 


Incorporates DNA into host genome 






tat 


Regulates viral transcription 


Benzodiazepines, nucleosides 


NMR (84) 


TAR 


tat binding region 


Antisense oligonucleotides 




rev 


Trans-activating factor 






Protease 


Processes viral polyprotein 


Protease inhibitors 


X-ray (85-92) 


B Dihyropteroate synthase 


Folate pathway 


Sulphonamides 




Dihydrolfolate reductase 


Folate pathway 


Trimethoprim 


X-ray (93, 94) 


^-lactamase 


Hydrolyzes lactams 


Clavulinic acid 


X-ray (95. 96) 


DNA gyrase 


DNA supercoiling 


4-Quinolones 


X-ray (97) 


Aminoglycoside modifying enzymes 


Chemical model of antibiotics 
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As a first step, DOCK characterizes the 
entire surface of the macromolecu e, , seekme 
the erooves and invaginations in the surtace 
Inform the target sites. These s,te^ r 
filled with sets of overlapping spheres. A set 
of sphere centers serves as the negat ve 
t£ of a specific site (Fig. 2). Typical y, 
r sues found by the program include the 
active regions of enzymes recogrution and 
allosteric features, and other small pockets 
that have no known function (45). lne 
program is not restricted to examining en- 
It has been applied to nuc eic acd 
structures (48, 49). viral coat prote.ru (W. 
and the study of protein-protem binding 
.interactions (51). Automatic charactenia- 
tion of potential binding sites is especially 
■■3d ^examining complex -alsurfac 
proteins such as hemagglutinin (50). We 
Ln also use a "positive image" of a macro- 
molecular surface by reversing the mathe- 
2£l procedure and producing spheres 
inside the "receptor" (51). 

£e second step in the DOCK algorithm 
matches x-ray or computer-derived struc- 
™es of putative Ugands (52) to the image 
of the receptor on the basis of a co^paruon 
of internal distances. Matching algorithms 
come from a well-studied area in combina- 
corTal mathematics called the "Uomorphic 
subgraph" problem (53). Although . , sys- 
tematic search of all ways to fit two objects 
together is not feasible rapid 
nroxirnations are available (45. 46. 5 1) that 
examine thousands of alternative geometric 
itches per second. Each of these «*n»- 
tions must be evaluated to measure the 

At first, we used a simple proximity scoring 



method (12. 45. 54) as a measure of sterv 
complementarity. Recently, we have ex- 
panded the scoring functions w include a 
full intermodular force field I (4/) . 

The program searches 3-D databases of 
small molecules and ranks each candidate 
on the basis of the best orientations thai- 
can be found for a particular molecular 
conformation (12. 46. 47). Each molecule 
can be evaluated either on its own merits or 
as a template. The template concept en- 
courages chemists to look beyond the literal 
database entries to the design of new chern- 
ical species. The ability of DOCK to pro- 
pose specific molecules in specific onenta- 
tions in the active site is one of us stronge 
features. Although some of these molecules 
are related to substrates, cofactors. o 
known inhibitors, others can be of novel 

structures (12). nnTK ran 

Computer programs such as DOCK can 
provide a rapid and controlled explora on 
of the geometric intricacies of targe 
Ugands can be examined at a rate of 10 to 
100 per minute, making it possible to ex- 
amine databases of 100.00C » compound. > in 
less than a week with a workstation. Imple- 
menting the program on a supercomputer or 
parallelVocessing device makes u po.jHe 
to search a corporate database of 500.000 
compounds in a day. . 

Databases of interest for drug design 
include the Cambridge Structural Database 
(CSD) a compendium of approximately 
100,000 molecules whose crystal structures 
have been determined (55). the Fine 
Chemicals Directory (^D) distributed by 
Molecular Design Limited (San Uandro 
California), and, in prototype form, por- 



tions of the Chemical Abstracts registry. 
The tatter two databases have been gener- 
ated in 3-D form by means of a rule-based ^ 
conformation generator called UJN- • 
CORD developed by R. Pearlman at the 
University of Texas (52). Most corporate 
databases have been converted into J-D 
coordinates by CONCORD. _ 

Using DOCK and the CSD and FCD 
databases, my colleagues have found or 
designed inhibitors for a wide variety of 
enzymatic and receptor systems (Table 4). 
Typically, the 100 to 200 best-scoring com- 
pounds are examined with computer graph- 
ics (Table 3). Of these, 10 to 50 are 
selected for testing on the basis of chemical 
and lexicological properties. We find that 
between 2 and 20% of the compounds 
tested show inhibition in the ^romolar 
range. In every case we have tried, UUUK 
has proven extremely valuable as a comput- 
er screening procedure and as a method ot 
generating structural hypotheses about li- 
cand-receptor interactions. 

The use of DOCK to optimize leads has 
been more problematic. The two major 
difficulties are obtaining the proper ligand 

Table 3. Examples ol available computer pro- 
grams [44). 




Structure-activity relationships 
Graphics 

Interactive graphics 

Molecular surfaces 

Volume rendering 
Molecular calculations 

Quantum mechanics 

Conformation generation 
Systematic 
Heuristic 

Distance geometry 
Molecular mechanisms 
Molecular dynamics 
Free energy perturbation 
Docking 

Similarity _____ 



{38, 98-100) 

(101) 
(102) 
(103) 

(104) 

[105-107) 
(52) 
(108) 
(109, 110) 

(111) 
(64. 65) 
(45. 112-117) 
(118, U9) 



Table 4. DOCK leads developed at the Univer- 
sity of California, San Francisco. 



Affinities 



System 



1st 
lead 



2nd 
gener- 
ation 



Refer- 
ence 



. ■ H ^ th a nonpeptide protease inhibitor, 
Fig. 2. New structure of HIV-protease (cyan] l <»™^™ srte created by DOCK is shown 



HIV protease 
B-form DNA 
RNase H 
Thymidyfate 
synthase 
Hemagglutinin 
CD4-gp120 # 
Malaria 
proteaset 



100 jiM 
10jtM 
500 m-M 
900 m-M 

100 ^M 
10M-M. 



5>M 



3|i.M 
5jlM 



(54. 120) 
(49) 
(121) 
(S6) 

(50) 

(122) 

(123) 



homology model-building. 
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Fig. 3. Observed position (magenta) ( 120) and calculated position (yellow) ( 124) of UCSF 8 with the 
intermoiecutar force field scoring procedure (47). 
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conformation and discriminating among 
several proposed interaction modes of sim- 
ilar energy (47, 51). Many assumptions are 
required to scan large databases in a reason- 
able amount of time. These include: rigid 
ligands and rigid receptors, neglect of 
bound water molecules and counterions, 
and simplified evaluations of interaction 
energies. Some of these limitations are be- 
ing removed as computational power in- 
creases. In recent work, with improved 
force fields and an experimental ligand con- 
formation, the highest scoring orientations 
produced by DOCK correspond to the crys- 
tallographic binding mode within 1 to 2 A 
(Fig. 3). In a project to design thymidytate 
synthase inhibitors, we have proceeded rap- 
idly to affinities of 3 to 5 p,M by combining 
the consensus results from DOCK with 
crystal structures of a weak inhibitor and a 
similarity search of the FCD with MACCS 
software (Molecular Design Limited, San 
Leandro, California) (56, 57). 

in sum, DOCK works well as a computer 
screening procedure for generating leads. 
To improve the program, we are examining 
ways to search the conformational space of 
ligands (56*) and to correct for desolvation 
of the ligand and receptor surfaces on bind- 
ing (59, 60). We are also developing a 
program for interactive docking and design 
(61) and a program to focus on the subtle 
structural and chemical differences among 
closely related enzymes (62). Docking 
methods are being explored in several other 
laboratories (Table 3). 

Prediction of accurate free energies of 
interaction and accurate binding geome- 
tries remains an important goal for all struc- 
ture-based efforts. A promising technique is 



the free energy perturbation calculation. 
Surprisingly accurate free energy differences 
(with 1 to 2 kcal/mol) can be obtained in 
favorable cases (63-65). The method can 
also include the effects of desolvation. The 
difficulties with this approach are similar to 
those described above — it requires good 
sampling of the conformational and config- 
urational states available to both ligand and 
receptor. For any computational method, 
relative accuracies within 1 kcal/mol are 
required if one seeks quantitative predic- 
. tions of binding affinities for a series of 
related compounds. Experiment plays a de- 
cisive role in calibrating such efforts. 

Response Time of the 
Drug Design Cycle 

The AIDS epidemic and the spread of 
drug-resistant bacteria illustrate the contin- 
ued danger posed by infectious diseases. 
What can be done to shorten the response 
time of the drug development system? Be- 
cause the process involves a series of steps, 
each of approximately the,. same duration 
(Table 1), fundamental improvements are 
needed at every level. Lead discovery can 
certainly proceed more rapidly with a com- 
bination of computer screening, high-vol- 
ume assays, and more rapid structural deter- 
minations. Computer programs can now 
examine substantial databases in a few days. 
With improved hardware, 3-D searches of 
the entire Chemical Abstracts Registry 
would be feasible. In selected cases, quan- 
titative estimates of binding constants are 
now on the scientific horizon. The next 
generation of computers should make such 
calculations applicable to a wider range of 



problems. Technical advances continue in 
the realm of structure determination. High- 
speed area detectors and the use of synchro- 
tron sources mean that new structures can 
be completed in a week, and that a turn- 
around of a structure per day can sometimes 
be achieved. The least controlled step in 
crystallography is the growth of crystals. 
This remains unpredictable and is a serious 
bottleneck for structure determination for 
membrane-bound proteins. 

Lead optimization and the development 
of active analogs can move more rapidly in 
the future if it is possible to adapt the 
modular chemistry approach that has been 
so successful in peptide and oligonucleotide 
synthesis to a wider range of compounds. It 
should be possible to exploit a core of 
thoroughly researched general reactions for 
organic synthesis. It is also crucial to im- 
prove toxicological assays by increasing re- 
liance on specially adapted bacterial sys- 
tems, cell culture, and the use of transgenic 
animals. Most of the time and money re- 
quired to develop a drug is spent at the end 
of the development cycle. .The loss of a 
promising candidate during clinical trials is 
an expensive and disheartening event. Any 
procedure that can detect serious obstacles 
at an early stage is much to be desired. 

The immense efforts to find anti-AIDS 
drugs and to provide effective agents for 
drug-resistant microorganisms will test the 
various strategies of drug development. The 
only drugs useful for HIV available through 
1991 were generated by screening known 
pharmaceuticals. However, several HIV pro- 
tease inhibitors are moving through clinical 
trials. These were developed with the sub- 
strate-based approach outlined earlier. Non- 
peptide inhibitors derived from structure- 
based efforts are also being reported (54). 
The status of the structure determinations 
for a number of AIDS-related macromole- 
cules is summarized in Table 2A. 

Of specific interest in this issue are the 
prospects for countering the drug-resistant 
mechanisms of prokaryotes. The fundamen- 
tal routes for evasion include enzymatic 
degradation of drugs, mutation of bacterial 
target proteins, changes in membrane per- 
meability, and overproduction of key en- 
zymes. Each of these can be attacked 
through structural efforts. Some targets for 
bacterial systems are given in Table 2B. 
The most straightforward efforts involve 
enzymes such as the p-lactamases or differ- 
ential inhibition of enzymes on the folate 
pathway. Other exciting targets deal with 
drug transport mechanisms (66, 67). 

Future Prospects 

Looking ahead, areas for new work include' 
antiviral, antifungal, and antiparasitic drugs 
and the problems of general drug resistance 
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in eukaryotes. Each of thesi js has impor- 
tant targets for structure-based design, for 
example: the viral coating- uncoacing phe- 
nomena (68), the mating factor systems in 
yeast, specific enzymes in parasitic organisms 
(23, 69), and the multidrug-resistance appa- 
ratus in human cells (70). There are encour- 
aging signs that structure-based collaborative 
projects can have a large impact on these 
important problems. 
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Increased Expression of Neutrophil and 
Monocyte Adhesion Molecules in Unstable 
Coronary Artery Disease 

Antonino Mazzone, MD; Stefanp De Send, MD; Giovanni Ricevuti, MD; 

^ v ■ , Background, k rapid increase in leuko^ a^esion to endothelial cdlaJsconeof ^ 

5 glycoproteins (the CT1VCD18 complex) role to the? leukocyte ^adhes^ 

particular, the CDllb/CD18 receptor can be npregulated sereralfold in response to chemotactic factors. 
The purpose of this study was to assess whether upmodulation of granolocyte and monocyte CDllb/CD18 
receptors takes place during the passage of blood through the coronary tree of patients with clinical 

Mtikods aiui Results. Tb^-nto ^ 
studied. Groim 1(15 patients) Iia^ 

exertional angina, and group 3 (10 patients) had atypical chest pain. Simnltonenns ^mpling from tfie > ^tfi':. % - : 

coronary sinus and aorta was obtained before coronary arteriography. CeU sirface^ ro 

detected by .direct iinmunolhro^ cytofloorimetry using monoclonal antibom'es^^ : ^ >y^-,-.. 

ta&ed with fluorescent niuii^ 

nianipiilation that could actuate phagoQt^ 
v disease (>50% coronary narrowing 

normal coronary arteries. In group ^ granulocytes and mb^ 

expression of the CDllb/CD18 a dhesion receptor m the coronaiy 
.... whereas no difference in Omb/CD18 e^n^^ seen in grains 2* and 3. ; ; > c: ^yV ^/rl'^U^^^z^ir 
: Conclusions. Patients wiw mutable an^ 

CDllb/CD18 adhesion receptor^ mffl^ 

coronary tree. Activation of these leultocyt^ 

processes, and further activate platelets, thus having potential implications on the pathogenesis of : ;^ ^ 
unstable coronary artery disease. (Circulation 1993;88:358-363) , 7 ^ . 0 : ^ ; 
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larly important.^ Whereas CD1 la/CD18 is constitutive^ 
expressed in the plasma membrane and is not upregu- 
lated,. CDilb/CD18 can be upregulated sever^tfold i 
from intracellular granules by chemotactic factors such 
as CSa, interleukin-8, and platelet activating factor. 3 * 5 
Adhesion of neutrophils and monocytes to endothe- 
lial cells of coronary arteries and subsequent leukocyte 
activation may be relevant in the progression and evr> 

m Seep 800 

lution of atherosclerotic coronary disease. 711 Recent 
data also suggest a role for inflammation in the patho- 
physiology of unstable angina. 1214 This study was un- 
dertaken to assess whether upmoduiation of GDI lb/ 
CD18 adhesion receptors of neutrophils and monocytes 
occurs during the passage of blood through the coro- 
nary tree of patients with coronary heart disease. 

Methods 

Study Patients 

Thirty- nine patients who underwent diagnostic coro- 
nary arteriography were studied. All patients gave writ- 



A dhesion of neutrophils and monocytes to endo- 
L\ thelial cells is the initial event in the acute 
X A. inflammatory response and in the pathogenesis 
of vascular disease. 13 Recent experimental and clinical 
observations have begun to define the molecular deter- 
minants on the surface of leukocytes that contribute to 
-the adhesive process. 4 - 6 These studies have established 
the in vivo critical role of CD11/CD18 leukocyte adhe- 
sion molecules, a family of cell-surface glycoproteins 
consisting of three heterodimers sharing a common 
0-subunit with a distinct o-subunit (ODlla, CDllb, 
CDllc). Regarding adhesion to endothelial cells, 
CDllb/CD18 and CDlla/CD18 receptors are particu- 



Reccived June 29, 1992; revision accepted March 9, 1993. 

From the Department of Internal Medicine and Therapeutics 
(AM., OR, IM, G.F., DJ>„ AN.), Section of Medical Pathol- 
ogy, University of Pavia, and the Division of Cardiology (S.D.S., 
RR, LA, RR, OS.), IRCCS S Matteo Hospital, Pavia, Italy. 

Correspondence to Dr Antonino Mazzone, Department of 
Internal Medicine and Therapeutics, Section of Medical Pathol- 
ogy, University of Pavia, IRCCS S Matteo Hospital, P.Ie Golgi 2, 
27100 Pavia, Italy. 



Mazumetial Pkagoeyte Eiproikmof InltfitM to UaslaMt Aattoa 359 



Table I. 


Monocyte and Granulocyte Coasts in Aorta sod Coronary ** &c Grasps of PftikmU 




Monocytes 




Granulocytes 




Aorta Coronary siaus 


Aorta 


Coronary sinus 


Croup 1 
Group 2 
Group 3 


240±0.06 280±0.04 
180±0.07 260±0.0S 
240±0.05 200±0.04 


3600±0.40 
3400±0.60 
3900±0.8O 


380O±O80 
3600±050 
3800+0.70 



Values are mean^SEM (mm 3 ). 

ten informed consent, and the protocol was approved by 
the hospital ethics committee. Fifteen patients (group 
1) bad a clinical diagnosis of unstable angina defined as 
class, IIB or IIIR of the Braunwald classification. All 
these patierit^ rwin at rest associated with' 

traiisieht STrse^nt changes on EGG unaccompanied 
by serum creatine kinase elevation or a new Q wave j(n 
the EGG. , *;Eouiteen patients (group 2) suffered froin 
stabte;ekertiOT^ and had a p^tive exercise test 

dd^e^ a^ the ^yelbpment of STrS^^ent deprbsirin 
of ^ mm. iffie remain^ patients (^dup 3) com- 
plained of chest pain but had a negative exercise test. 
Cardioactive drugs, which included nitrates, /^blockers, 
and calcium antagonists, were not discontinued in most 
of the patients at the time of coronary arteriography. 
Group 1 patients were also taking antiaggregating 
agents (12 parents, aspirin; 3 jpatients >: ticlb^pm^ 
\ the time of ^tiie study, no patient had ^ 
failure or an acute infective disease. -No.attcrnpt was . 
made to alter^ the patients', medications, and ; tbp|e 
taking nonsteroidal anti-inflammatory drugs or steroids 
were e^ude^ coronary artery disease was 

defined as >50% narrowing in the luminal diameter of 
any individual coronary: vessel. - 

Study^Protqcql^ .'• y ,: A u • -.fv 

studied in the fasting state after priev 
' rae&c^ion yaih diazepam (10 mg): At the beginning pf 
the procedure,; an Sp pigtail catheter was advanced from 
the femoral artery and placed in the ascending aorta, 
and a 7F Goriin catheter was inserted in an antecubita! 
vein and placed in the coronary sinus. Simultaneous 
sampling (5 mL of heparinized blood) was obtained 
from the aorta and coronary sinus before the injection 
of contrast medium. Aortic and coronary sinus blood 
was collected into heparinized plastic syringes and 
immediately placed in polystyrene tubes at 4°C. 

Monoclonal Antibodies and 
Direct Immunofluorescence 

Cell surface receptors were detected by direct immuno- 
fluorescence evaluated by flow cytometry. The leukocytes 
were stained in whole (unseparated) blood to avoid any in 
vitro manipulation that might activate phagocytes, 15 The 
following monoclonal antibodies were tested: OKM1 (Or- 
tho Diagnostics, Milan, Italy), used as the anti-CDllb/ 
CD18 complex; LFA-1 (Sorin Biomedka Saluggia, Itaty), 
used against the CDlla/CD18 complex; Tll-FITC (Coul- 
ter Immunology, San Ghiliano Milanese, Italy), the MoAb 
against the T-lymphocyte CD2 receptor, and Mo2-FlTC 
(Coulter Immunology, San Giuliano Milanese, Italy), used 
against the monocyte CD14 receptor. Anti-mouse control 
FTTC was obtained from AMD Alma Export, Firenze, 
Italy. All these MoAbs were incubated at a final concen- 
tration of 10 pL per 1 00 yL of whole blood for 30 minutes 



on ice, washed twice before and after lysis of erythrocytes 
by adding 2 mL of ice-cold eiythnxyte-lysing solution 
(NH4O 2.08 g; N a2 EDTA, 0.0108 g; NaHCO, 0 21 g in 250 
mL H 2 Q), and anaJ^^. Nonspecific immimc^OTescence 
was det^rn^ed by usi^ 
purity fr^^^ 
the bitrrap^ 
performed^ r^flo^ 
vateipell^ 

Thelai^^^ at 5^^^p^r^ 

Gating ifw 

the dot blot generated by forward angle versus r«bt angle 
scatter. Fluorescence and forward angle scatter of micro- 
sphere DNA chesck; (Coulter Immunology) were used for 
instrument cahtotiorL Fluorescence intensity of each cell 
was recorded as ,a mean clupnejmunjr^ 
pthmi^^ 

expression of rnembranei^cr^ 
mean channel qf =fl jymsge^ 
.tical, arja^^ 

paired 4heJ f Apr^^ 

prograrjfc/^v^^^^ \?y*-i&r£>riM-fc\^ 

Clinical and ^giogmphic Data 

In groujp 1; 1 ih^ were 11 men and 4%omeni with a 
mean age tif54y^^^ 

sir^e^e^fc^ w 
mean ejection • fra^tibn Was; 59 (range, .46 to SO^ In 
group 2, thereWere : 13Meri^rid 1 ; woman, with a mean 
age of 58 ^^ (rin^^ 48 io^70)^Six; patiehts^hatd 
single-vessel disease 1 arid eight had multrvessel disease, 
with a mean ejection [ fraction ^ of ^2 (r^ge, .24 to J6). 
Group 3 included sesVeh m'eii artel three women, with a 
mean age 

normal coronary art^ mild! moderate 

mitral insuffiden<cy taused by niitr^ valw prolapse and 
three had mild to moderate aortic regurgitation. Mean 
ejection fraction was .60 (range, 34 to .74). 

Expression of Neutrophil and Monocyte 
Adhesion Receptors 

Mean neutrophil and monocyte counts are shown in 
Table 1: No difference was found within each group 
between coronary sinus and aortic blood. Percentage of 
positive cells is shown in Table 2. More than 90% of 
monocytes and granulocytes bound LFA-1 and OKM1 
(the MoAbs against the CDlla/CD18 and the CDllb/ 
CD18 complex). The T-lymphocyte-specific antt-CD2 
was bound by only 1% or less of cells, whereas the 
monocyte-specific anti-CD14 was bound by 94% to 99% 
of monocytes and by less than 1% of granulocytes, 
indicating the purity of the bitmap gating for granulo- 
cytes a:id monocytes analyzed by the flow cytometer. 
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Tabu 2 taventage of Positive Cells on Bitmap Gating of Monocytes and Granulocytes In Aorta and Coronary Sinus In the Three 
Groups of Patients - : 



Monocyte bitmap (% of positive cells) 



Granulocyte bitmap (% of positive cells) 







Aorta 






Coronary sinus 






Aorta 






Coronary sinus 




MoAbs 


Gl 


02 


G3 


Gl 


G2 


G3 


Gl 


G2 


G3 


Gl 


G2 


G3 


Negative 
control 


C.l 


0.2 


0.4 


0.3 


0.4 


0.2 


0.8 


0.9 


0.9 


0.9 


0.8 


1.0 


Anti-CD2 


0.8 


0.7 


1.0 


1.0 


0.6 


0.6 


0.9 


0.5 


0.9 


0.9 


0.8 


0.5 


Anti-CD14 


96.0 


94.3 


99.0 


96.0 


97.0 


97.9 


0.8 


0.6 


1.4 


1.2 


0.9 


0.8 


Anti-CDlla/ 
CD18 


94 J 


99.0 


98.7 


98.0 


92.6 


93.4 


98 5 


99.0 


98.7 


99.0 


99.6 


98.4 


Anti-CDllh/ 




v 98.4 ; ; 














I 98.1 : i 


> 99.0 




9£a 



■j<$t Gl^g^p l" (unstable aiigina); G2; groups (stable; ati$^^ ^v:^^'^; 



|;T^le 3 v sh6^ the individual values of tt^ ; mea^ ^ 
; Chanel f -'ctf^ ife - fluorescence infcn^^fpf the ^aii^ 

Iti patients <^ angina/neuttoprnls arid m 

cytes showed a significantly higher expression of the 
CDllb/CD18 complex in the coronary sinus than in 
aortic blood (P<. 01 and P<.01, respectively; Figs 1 and 
2). Siich difference was not observed M patiehtrw 

: stable angrrta or in those with nonnaJ : coronary arterie$ 

found in CD1 la/^18 \^xpiressioti 

(front monocles and ibiitWeenftw 

^siiri^ channel values in each of the 

■ tfi^^fe^ 3). ^ 

. : -.;*:. ^ ■, * . . - J)iscUSSion ; v^j : ■ *-■ . ■ 

In this study, neutrophils and monocytes taken from 
the coronary sinus of patients with unstable angina were 
found to have increased expression of ClDllb/GBlS 
adhesioh receptors, thus demonstrating thiat afl ; inflarn^ • 

: -'£mai6r^ in the- coronary 'vtree '-d| ^ 

patients ftith unstable anji^aL 1^ 

• ? studies shc& 'that- activation of neutrophils results ii} 
upregulation of these surface glycoproteins, The chemo^ 
tactic peptide fMLP is able to induce a threefold 
increase in CD lib expression on purified ^neutrophils; 
pre treated with cytochalasin-B and with platelet activat- 
ing factor. 15 The importance of the CD1 ljfCT>18 integrin 
^or ^ti&sue injury in vivo has been demonstrated in a, 
number of animal models. Addition of anri CD18 Mo- 
Abs can reduce tissue injury and mortality in ischemia 
reperfusion-induced shock in rabbits' 6 and myocardial 
infarct size in dogs. 17 Moreover, neutrophils accumulat- 
ing at sites of acute inflammation in vivo have been 
shown to increase their surface density of CD1 lb/CD 18 
receptors compared with intravascular neutrophils si- 
multaneously isolated from the same animals. 18 * 19 The 
physiological significance of enhanced neutrophil 
CD lib/CD 18 expression 20 is also underlined by its 
detection in clinically active systemic lupus erythemato- 
sus 21 as well as in the synovial fluid of patients with 
rheumatoid arthritis. 22 * 23 

In our study, upregulation of the CD lib/CD 18 com- 
plex was not accompanied by any difference between 
aortic and coronary sinus leukocyte count. This finding 
seems to exclude entrapment of these cells in the 
coronary vasculature. Adhesion of leukocytes to endo- 
thelial cells is a complex phenomenon involving recep- 
tors and ligands on both surfaces, and it is possible that 



tfimutetib^ 

insufficient 

CTOvessefelii^ 

with other biochemical neutropHUtactivation 
such as elastase release. However, Dinerman et al 13 
recently found that plasma levels of a neutrophil 
elastase-derived fibrinopeptide (Brj3 30^43) were ;13r 
fold hi^f 'in patients with unstable angina compared 
with t^<>l : suBjectsi ^Preyipus^ dat tiadf jsu^^^steid^ iatt - 
inflammatory^ anginal Berk et • 

al 12 <*$wyedSiffi^ Oreactive -protein^ an 

iriterleukin-^ in the> peripheral 

blbod^oiN^tients^ ^ angihav^FirtherrMrie, 
adventitial iMltration of iifflammatdry Kc^lb^invohdng 
(in most cases) autbhomic rife^ 
autopsy in 12 patients with crescendo angina at rest. 24 In 
nine of such cases; a coronary thrombus superimposed 
on atherosclerotic coronary plaques was al^ Tfdund. v 
Mqreover^For^n e&al 25 reportedithe casapf a patient 
wiifcvariant^^ 

whom mast!^ was'/fqwid.. a^e site of 

angiographic documentation of o)ronary spasin. These 
pathological observations provide : a link: between an 
active atherosclerotic process and an inflammatory re- a 
sponse in patients with unstable angina culminating in 
sudden cardiac death.- ;ji Urr v 

Oiemotactic factors able to induce activation of neu~ 
trophils arid monocytes are potentially released into the : 
coronary circulation of patients with unstable angina. 
The presence of an acute thrombotic process leads to 
increased plasmin activity, which can cause the activa- 
tion of the complement system. Yasuda et al 26 found 
increased plasma levels of iC3b and C3d in 17 patients 
with unstable angina, suggesting complement activation 
in this clinical setting. Moreover, the terminal C5b-9 has 
been localized in atherosclerotic plaques and could 
come in contact with the circulating blood after plaque 
rupture. 27 Likewise, break or ulceration of coronary 
lesions may provoke the release of tumor necrosis factor 
(TNI^-a, which is a constituent of coronary atheroscle- 
rotic plaques. 21 * 28 This cytokine can induce neutrophil- 
mediated endothelial damage, 29 and recent studies sug- 
gest that a specific CD 1 lb/CD 18-mediated signal 
triggers toxicity of TNF-activated neutrophils. 28 - 30 

Activation of neutrophils and monocytes may have 
important consequences in unstable angina because 
these leukocytes, once stimulated, may release a variety 
of potentially toxic and vasoactive substances, in panic- 
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Monocytes : ' Granulocytes 
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■3 



Aorta 



Coronary sinus 



Aorta 



Coronary sinus 



Patients 


% 


MC 


% 


Group 1 








1 


98.7 


33.8 


100.0 


2 


94.6 


26.6 


99.7 


3 


98.7 


8.9 


99.4 


4 


95.4 


5.9 


98.7 


5 


98.7 


11.3 


91.7 


6 


94.6 


5.7, 


918 

.,/v' -',^8.4; 




^4:^8J9, 






. ; '-9^. 


■r ",V' : ; 963 


12.3 




;'^10V;r::^ 


%^v^fe9?J0 ' '■'*■' 


: : Vv:lL4rl> 





MC 


% 


MC 


% 


MC 


493 


99.0 


21.4 


98.9 


29.2 


443 


98.7 


7.4 


97.8 


8.4 


33.8 


99.4 


53 


97.9 


663 


35.9 


98.6 


10.8 


993 


14.8 


14.3 


97.4 


5.9 


99.7 


223 


28.6 


94.8 


23 


98.9 


15.7 


36.6 


Kv : :j$.7 , 

aixi.o 




99,9 




; 52.4 

233 






, ^8.6 ; 


:". ; ;73:7; 



'' y ' : '' { 13 ?;%; ^ : "*''''' 4 '' : '- v -94.8 ' 
14 98.7 
; ,15 ._ v . . : 94.8 
Total±ES 97.4i03 

■ • -?Qroup;2y .\:u^iy : - - : / 
• '■ -^j; 'S>^:^:rKy.:-- : v 99.6 ■ 
:■ • 9817 

' 5; '■" 




73 



,m9„:,„..,---v,.J4.2 

a - : ,^u.^-.v.,^^h;<;8J. 

^99.8 
: 98,4 
99.9 
97.8 
98.0±0:2 



-J- 



. . . )>'. 1 " 



963 
95.4 



r/,.' : .irt. A . 98.4 

97,6 
9S.7 



^fctirf ;v,;V^6^^;- i "^::'--vll2 : :■■ * ^^..vW.6 l >A;v'- : ; 

•?.!:§'■- 163 ■ ••v--f^96.8^^ 



i : .-:-;-:8^^^i!;i<-r 1 ? ' ;,: 



10' 
11: 

•1. . - • * . 

12?:::: 



?9:< 
993 



986 



Total±ES 



^ ^ iqqLO 

i 98.4*0.3 



2.4,,... 

.9.8* 

-v- 7:6^-^ 

v ''i6:2': ;: ' ; 

94 
11.8±?L6 



94J 



:i ' ' 3 '9Sltf;" : 
97.6±03 



5.8 
9J5 

5.7, 
6.7 : 
8.4 
9.7 
10.2 
9.4 
123±23 



98.6 
W.7 

97.4 



:,:ii.59.4 



100.0 

f : -97:6 : ':- 

98.4±03 



10.8 
3/7 

i.o 

:4.4 

7.7 

^ , 

ii9 

7.0 

6.9 ■ 
: .16,9 

7.3 
633±0.6 



99^: 



- rll83 ■. 
SjO 
28.7 
26.8±3.6 

" v ^2':' ; 



-100JD. r " * 



9^6: 

:^.9814^: 
; ^.6- 
9i7 V 
99.6 : ; 

,;9?.7^. 

.:,;98.4?v- 
• 98.4? 

993 
9S.0|6;2 



W- l ^)35 
;u "- ; qy^8"' 
^•' ; -" V 5.6'- 
, .4.8 '\ 

■^■■;.-:8.7-^ 

J . ;.-,r,. •: . . 

••••.-•^*7 
V>. ^v-8i7.- 
'""^ V- 8.9 : - 
8.02±0.72 



' ■ i 



Group 3 


















1 


M-V ) ; 99.4- 


•/.V2L7fe^ 


tv 99.4 


22.8 


, 98.9 


H4 


'• ..V993v' \, 


■ 10.8 


: 2 - " 


' 98.7; 


_;--7Jd^- v -' 


9?.5 


6:8 


98.9 


.143 




15.2 


■ 3 


99^6 


. • • ; 5iv < ;"' 


100.0 


5.7 


95.6 


5.1 . 


973 


8.4 


4 


98.7 


/ ' 


99.6 


8.4 


97^ 


5.2 


993^ 


11.0 


5 


99.6 


8.4 


100.0 


73 


94.4 


8.4 


983 


3.8 


6 


IQOX) 


63 


98.6 


53 


98J 


11.8 


963 


73 


7 


98.6 


7.6 


99.4 


5.6 


98.4 


6.4 


98.4 


5.4 


8 


99.4 


5.8 


98.2 


7.2 


99.1 


8.7 


99.6 


73 


9 


97.6 


5.6 


99.6 


7.6 


100.0 


83 


98.7 


4.8 


10 


100.0 




98.6 


7.6 


100.0 


83 


99.0 


7.9 


Total±ES 


99.1±0.2 


838±13 


99.2±0.2 


836*1.6 


98.1 ±03 


8.8±0.9 


98.4±0J 


8.2±1.0 



MC, mean channel values. 



ular, the lipoxygenase-derived metabolites of arachi- 
donic acid, leukotrienes C4, D4, and E4. 9 - 31 These 
substances have been shown to induce coronary vaso- 
constriction and decrease coronary Sow in a variety of 
preparations. In addition, the respiratory burst results 
in the formation of oxygen-derived free radicals, which 



are able to alter microvascular permeability and influ- 
ence vascular smooth muscle tone. Moreover, activated 
monocytes release interleukin-1, which induces biosyn- 
thesis and cell surface expression of procoagulant activ- 
ity in cultured endothelial cells. 52 Recently, Neri Sern- 
eri et ftp found that monocytes from patients with 
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38 



GRANULOCYTES 
C0110/CD1B 




GROUP I 



GROUP I! ■ ! GROUP III 



Fig 1. Graph: Granulocytes from coronary sinus (CS) 
blood samples of group I patients (unstable angina) had $ 
significantly higher expression of CD I IblCDW adhesion re? 

shown as mean channel of fluorescence in tensity (L 
[^p ^enmce yfos found in the other gwup of pati^ts. 



■ unstable angina showed high tissue factor-like prcn^ag- 
ulant activity, whereas preparations from patients with 
stable angina and normal control subjects developed 
only small amounts of procoagulant activity. These 
authors speculated that activation of monocytes may be 
-responsible for the increased thrombin formation iri 
unstable angina. Finally, leukocyte-derived product? 



36 




MONOCYTES 
CD11b/C018 





Fig 2. Graph; Monocytes from coronary sinus (CS) blood 
samples of group I (unstable angina) showed a significantly 
higher expression of the CDllblCDIB adhesion receptor than 
monocytes from aortic blood (A). Results are shorn as mean 
channel of fluorescence intensity (Log/FL). No difference was 
seen in the other two groups. 



GRANULOCYTES 
CD111/C010 




20 



monocytes' 




granido^ 

aortic (A) blood samples in the three groups df patients. 
Results are shown as. mean channel of fluorescence intensity 

(Log/r%). :: . 

enhance platelet aggregation, whereas products of 
platelet activation may aid neutrophil accumulation at 
inflammatory sites. 34 36 Therefore, in unstable angina, 
activated leukocytes and platelets potentiate each oth- 
er's effects, favoring the occurrence of coronary vaso- 
constriction and thrombosis. 
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Abstract: Reviewing advances in cardiology and haematology together may appear at first sight to 
require some artificiality to make a satisfying fit. For two reasons, at least, this is not the case. Firstly, 
convergence in biology has become very clear over the past decade and this could not be better illustrated 
by the demonstration that the haemangioblast is the common progenitor of both haemapoietic stem cells 
and vascular endothelium. This opens the way to common (and differential) approaches to the 
manipulation of these cells, a field at present in its infancy. A second convergence is the common goal of 
understanding the processes resulting in hacmostasis, thrombosis and vascular occlusion and the means 
for developing effective antithrombotics. This is exemplified by a number of agents either in use or in 
clinical trial as a result of haemato logical and cardiological collaboration. This collaboration is 
recognisable with the development, many years ago, of streptokinase and the use of aspirin in vascular 
disease and continues to this day with specific antiplatelet inhibitors and oral thrombin inhibitors as they 
become accepted into clinical use over the next few years. Here we review current advances in 
pharmacological treatments in cardiology and haematology, grouped primarily by disease process, 
focusing on novel and emerging therapies likely to be of importance in the future. 




INTRODUCTION 

Despite significant advances in phannacologic and non- 
pharmaeologic therapies, cardiovascular disease remains the 
leading cause of morbidity and mortality in the 
industrialized world. Pharmacologic approaches have been 
the mainstay of treatment for many cardiovascular disorders, 
including acute coronary syndromes, chronic coronary artery' 
disease, hypertension, heart failure, and dysplipidemins. 
Presently however, the greatest area of change within 
cardiology is in interventional cardiology, where 
percutaneous revascularisation techniques such as 
angioplasty and stenting are being increasingly used in the 
acute and chronic management of coronary and peripheral 
vascular disease. Advances in these revascularisation 
techniques are dependent on improved adjunctive agents, 
principally anti-platelet, anti -thrombotic and anti-restenotic 
drugs, such that pharmacologic therapies at present are key 
lo the overall treatment of most cardiovascular disorders. 

The major therapeutic advances in haematology have 
historically been sporadic rather than sustained and have 
often occurred in tandem with seminal discoveries in the 
Holds of physics, biochemistry and cell biology. Following 
years of experimenting with different combinations of the 
same drugs the spectacular advances in molecular medicine 
cell biology in the last two decades have provided the 
impetus to the design of novel therapies in 
acmatology in recent years. These advances have been 




applied primarily to the malignant hematological disorders, 
which have traditionally provided insights into gene 
regulation and cell cycle control but have been difficult to 
cure. Although these advances have led more to a realization 
of the enormous complexity of the field than a plethora oF 
novel Lhcrapcutic applications, they provide a platform for 
future drug, design and arc worthy of study. 

This review discusses current advances in 
pharmacological treatments in cardiology and haematology, 
grouped primarily by disease process, and focusing on those 
novel and emerging therapies likely to play important future 
roles. 



NOVEL AND EMERGING THERAPIES 
INTERVENTIONAL CARDIOLOGY 



IN 
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Interventional cardiology refers to the percutaneous 
treatment of coronary artery disease, by means of mechanical 
dilation of obstructive coronary lesions. Percutaneous 
treatments have included coronary angioplasty, or balloon 
dilation of obstructive lesions; but now also increasingly 
include the use of coronary stents - metal mesh sleeves 
deployed into the vessel wall by balloon inflation - to 
achieve optimum results [1]. The success of these procedures 
has been limited in the long term by progressive vessel 
rcnarrowing or restenosis; and in the short term by platelet 
initiated thrombosis at the site of dilation or stent 
deployment. Significant recent pharmacologic advances have 
been made in both of these areas. 

Strategies to Reduce Restenosis 

Restenosis, the "arterial healing response following 
injury incurred during transluminal coronary 
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revascularisation" [2], has long been the principal drawback 
of coronary intervention. Although stents are associated with 
restenosis rates of 20-30%, compared to 30-40% for balloon 
angioplasty alone in randomised trials of certain patient 
subsets [3], restenosis rates remain high in other 
populations, such as those with diabetes, or complex 
lesions, -such that in-stent restenosis (ISR) has itself become 
an important problem [3]. From the 1980's to the present, 
numerous drugs tested in animal models - particularly the 
pig - have suggested benefit [2,4], although until recently 
none have shown benefit in humans [3]. Therapies in 3 
broad areas have recently emerged. 

Gene Transfer 

Gene transfer involves the direct introduction of a given 
gene into a local environment, in order to increase the 
expression and function of that gene to gain 
pathophysiologic benefit [5]. Restenosis has in many ways 
been seen as an ideal pathogenic process to be treated by 
gene transfer, in that the onset of the restenotic process is 
largely known and the site of restenosis is localised and 
readily accessible [6], both for percutaneous catheter-based 
delivery methods, and for surgical approaches. In addition, 
the restenotic process is itself relatively short-lived, largely 
complete within 3-6 months [3], and the internal and 
external elastic laminae themselves provide physical barriers 
such that transfected gene expression can be localised to 
specific layers [7] 

In general, gene transfer can be achieved by trans fecti on, 
direct physical or chemical transfer; or by transduction, gene 
transfer using viral vectors [8]. Direct physical transfer of 
naked plasmid ON A has been demonstrated by injection into 
myocardium, both by open surgical techniques [9] and using 
catheters placed in the ventricular cavity [10]. A drawback 
with this technique is low efficiency: only a small 
proportion of delivered DNA reaches the target cells, and 
even less reaches the cell nucleus. Nevertheless, cells 
disrupted by mechanical injury may have increased uptake, 
and a number of studies have shown meaningful biologic 
effect even with low transfection efficiency [1 1]. 

Specifically in the setting of restenosis, naked plasmid 
DMA encoding for the 165 amino acid version of Vascular 
Endothelial Growth Factor (VEGF), delivered to the rabbit 
iliac artery using a hydrogel balloon results in 60% 
inhibition of neointima (Ml) formation following stcnting 
[3]. More recently, naked DNA in a poiylactic-polyglycolic 
acid coated stent has been successfully delivered with high 
efficiency to normal porcine coronary arteries [12], 
suggesting this technique may be useful in the setting of 
restenosis. Chemical, usually lipid, solutions are an 
alternative. Large, branching lipid molecules form lipophilic 
coatings, surrounding DNA plasmids [13] and fuse with cell 
membranes, allowing cell delivery. This technique has been 
used for genes targeting Prostaglandin 12 (PG12) in the rat 
and cecropin in the pig following angioplasty, with >80% 
inhibition of NI formation in each case [3], 

There is more experience with viral vectors, and for 
adenoviruses in particular. Adenoviruses are double-stranded 
DNA viruses which can produce large amounts of purified 
recombinant virus, allowing efficient gene expression [14], 
which remains distinct from the host genetic material. 
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However, adenoviruses may be associated with immune and 
inflammatory responses, particularly when given via the 
intraluminal route, and thrombus formation [15]. Transgene 
expression may also be transient. There is also experience 
with viral/lipid combinations, such as the haemaggluting 
vims of Japan / liposome combination which has been used 
to target genes for p53 and eNOS in rat models of balloon 
angioplasty [3]. Retroviruses have also been used, though 
concerns remain as to the possibility of mutations at the 
sites of gene insertion [16]. 

Despite the localized nature of the restenotic process, 
delivery methods for gene transfer have been problematic. 
Initially open surgical approaches were used to isolate 
specific vessel segments; then catheter-based techniques 
aimed to achieve this same end, initially described in 1989 
[17]. Since then, a wide variety of local delivery catheters 
have been described [18], aiming to provide selective local 
delivery while maintaining vessel perfusion. This large 
variety perhaps reflects the fact that none of these techniques 
is particularly efficient. Less than 1% of drug dose has been 
documented to achieve delivery to the vessel wall using 
porous balloons [19]. Delivery may also be highly variable, 
and may be into dissection planes and side branches [18]. 

A wide variety of gene products have been investigated 
as potential targets for gene transfer, and undergone initial 
evaluation in animal models and in human studies [3]. 
These genes have been selected to attempt modification of a 
number of processes, principally SMC proliferation, but also 
cell migation, thrombosis and endothelial function [20]. 
Inhibition of neointimal formation, generally in the order of 
30-70% has been observed, and significantly, a number of 
these approaches have entered phase I human trials. Naked 
plasmid DNA and an adenovirus/lipid delivery combination 
are currently being used; plasmid DNA encoding for the 165 
amino acid version of VEGF has been delivered in this way 
using a hydrogel and perfusion balloon approach, in human 
clinical trials for the prevention of peripheral arterial 
restenosis [11]. Early reports suggest this approach is well 
tolerated [21]. While studies of gene transfer for restenosis 
are still at an early stage, the results of preliminary human 
trials are promising. Important questions remain as to which 
genetic material should be targeted, which delivery method 
should be employed [22]. Concerns have also been raised 
over the possibility that increased growth factor activity may 
actually promote neointima and atheroma formation or 
plaque instability [21-2]. However, the potential advantages 
of using local gene delivery to treat a local iatrogenic process 
are significant, and likely to see continued research effort [6]. 

Gene Modification 

Gene modification can be broadly defined as specifically . 
targeting and inhibiting a regulatory gene that plays an 
important role in a pathogenic process, classically by 
creating a molecule of RNA or DNA that undergoes 
complementary base pairing with its endogenous target [23]. 
Gene modification to attempt reductions in restenosis has 
also been enthusiastically explored. Nucleic-acid based drugs 
can broadly be divided into four main types; antisense (AS), 
ribozymes" (Rz's), DNAzymes (Dz*s) and Decoys. AS 
molecules are single-stranded DNA molecules which form an 
RNA-DNA duplex with target mRNA [24]. AS 
oligodcoxynucieotides targeting the proto-oncogenes c-myb 
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and c~myc inhibit Ni formation in rat and pig models of 
injury [25, 26], including stenting [27], although to dale, 
the only reported use of AS to prevent 1SR in humans using 
a locally-delivered AS molecule targeting c-wyc, showed no 
benefit [28]. Rz\s arc RNA-based molecules with the 
advantage of the ability to cleave their target mRNA in an 
enzymatic fashion [29]. A Rz targeting c-myb inhibits SMC 
proliferation and NI formation after balloon injury to the rat 
carotid artery [30]. Similarly, Rz's targeting transforming 
growth factor-P| also inhihir Nl formation in the rat model 
[31 J, and a chimeric DNA/RNA hammerhead Rz targeting 
proliferating cell nuclear antigen reduces NI formatioa by 
28% in the pig coronary stent model 1 32]. 

A more recent refinement to nucleic acid gene targeting 
strategies has been the development of Dz's. These are 
single-stranded DNA molecules with catalytic domains 
capable of RNA cleavage at high efficiencies, with added 
stability conferred by their DNA structure and base 
modifications [33]; Locally-delivered Dz's targeting the zinc 
finger transcription factor early growth response factor- 1 
(Egr-1) inhibit Nl formation in the rat carotid injury model 
[34], and more recently, Dz's targeting the human EGR-1 
have been shown to inhibit ISR in the porcine coronary stent 
model to a similar degree [4]. These molecules are extremely 
versatile, and besides their obvious therapeutic potential, can 
be used as probes of gene structure and function in complex 
biological milieu. 

A further approach is the use of decoys. These are 
double-standed oligonucleotides that interfere with 
transcription factor binding [35]. In the case of VSMC 
proliferation, a decoy targeting the transcription factor E2F 
is thought to act by preventing E2F binding to cyclinA/cdk 
2 complex, normally key to the process of activation of a 
number of downstream genes involved in cell cycle 
regulation, including PCNA, c-myc and c-myb [36]. E2F 
decoys have reduced NI formation in the rat model of 
balloon angioplasty, and initial results from human clinical 
trials also suggest a reduction in vein graft occlusion 
rates.[37] 

Drug-eluting Stents 

The localised nature of restenosis, and the observation 
that most percutaneous coronary interventions now involve 
the use of a stent, has prompted efforts to use the stent itself 
as a drug-eluting device. Efforts to date have focused on the 
use of stents coated with anti-restenotic agents, but the 
principle of a drug-eluting stent may also apply in the 
localised treatment of acute coronary occlusion and 
thrombosis and even been extended to include the 
possibility of cell and gene delivery using a stent platform 
[38]. Polymer-coated stents initially provoked excessive 
reactions but subsequent coatings using phosphorylcholine 
and other polymers have not had this effect. Initial studies 
demonstrating heparin could be bonded to the stent struts - 
although subsequently with only limited use in clinical 
practice - initially demonstrated the principal of the drug- 
eluting stem [39]. 

Importantly, a number of agents have since been shown 
to- elute slowly from polymer coatings and are associated 
with reduced NT formation in animal models. Two anti- 
proliferative agents - sirolimus (rapamycin) and paclitaxei, a 
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taxol analogue - have undergone initial evaluation in human 
trials. Interestingly, both have proven efficacy in other 
antiproliferative contexts, sirolimus to reduce post transplant 
coronary neointimal hyperplasia, and taxol as an 
antineoplastic agent [39,40], Sirolimus, is a naturally- 
occuring compound derived from the streptomyces fungus 
and stimulates p27kipl levels causing cyclin-Cdk complex 
inhibition and cell cycle arrest. In 45 patients treated with a 
sirolimus-coated stent (140 ug/cm2), either as a fast (15 day) 
or slow (>28 day) Tclcase formulation, negligible NI 
regrowth has been observed at up to 12 months. 
Subsequently, 238 patients randomised to a sirolimus-coated 
stent or conventional stent for de novo coronary lesions, 
demonstrated a zero restenosis rate in the sirolimus group (v 
26% p<0.0001), clearly a finding of huge implications [41], 
This sirolimus-coated stent recently received approval from 
the Food and Drug Administration (FDA) in the US. 
Similarly, paclitaxei, a naturally occuring compound from 
the pacific yew tree with potent antiproliferative effects, 
thought to be due to an alteration in microtubular function, 
has shown promising early results in 32 patients s tented 
with a paclitaxei derivative impregnated sleeve incorporated 
into a stent design [40]. Clearly there remain a number of 
questions with this approach, such as the effects of multiple 
or overlapping stents, the correct choice of agent, longer- 
term outcomes and toxicity, but the results of studies 
published to date have generated great interest. 

Strategies to Reduce Thrombosis During Percutaneous 
Coronary Intervention 

Percutaneous Coronary Interventions (PCIs) induce 
disruption of the endothelium, and exposure of the vessel 
wall to blood borne prothrombotic elements. This 
contributes to platelet activation, leading to varying degrees 
of platelet plug formation and arterial thrombosis, a 
tendency increased with the deployment of a prothrombotic 
stainless-steel stent. Thus the process of platelet activation 
and subsequent adhesion, aggregation, secretion and 
procoagulant activity has been the subject of intense 
research, to reduce the incidence of thrombosis following 
coronaiy intervention. 

Hb/IHa Receptor Antagonists 

Congenital and acquired disorders of platelet function 
suggest that inhibition of any one of these steps in platelet 
function would be an effective means of platelet inhibitor 
therapy, although until recently drug development has 
focused in particular on the inhibition of the Ilb/llla receptor 
[42]. Three types of lib/Ilia receptor antagonists have been 
investigated to the extent of large phase III clinical trials. 
These are: the monoclonal Fab fragment termed abciximab; 
cyclic peptides based on the RGD (Arg-Giy-Asp) motif, and 
RGD-based pepidomimetics [42]. Examples of all 3 drug 
types have recently entered clinical use. 

Abciximab is a recombinant protein, comprised of the 
Fab fragment of a chimeric human-murine monoclonal 
antibody 7E3, which targets the llb/IIIa receptor on the 
platelet surface, and is the Ilb/IIla receptor antagonist for 
which there is the most clinical experience [42]. The EPIC 
trial published in 1994 demonstrated a 35% reduction in a 
composite endpoint of combined cardiovascular events with 
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the use of abciximab bolus and infusion compared to 
placebo in patients undergoing percutaneous coronary 
intervention (PCI), although this was associated with an 
increased risk of bleeding [43]. Subsequent trials confirmed 
efficacy and reduced morbidity with tower heparin doses [44] 
and following coronary stenting [45j, and a benefit acutely, 
was observed in patients when abciximab was given in the 
setting of unstable angina pectoris (UAP) [46]. Abciximab 
also binds to the leucocyte integrin Mac-1 [47], and to the 
widespread integrin a,P, [48], although the physiologic 
significance of these interactions remains uncertain. 

Eptifibatidc is a synthetic cyclic heptapeptide based on 
the RGD motif that binds exclusively to the llh/TIIa receptor, 
and has shown significant - though not profound - reduction 
in composite cardiovascular endpoints at 30 days following 
PCI compared to placebo [49]. Tirofiban is a synthetic 
RGD-based peptidomimetic tyrosine analogue. The results 
of clinical trials with this agent have been less impressive, 
with no sustained benefit seen following PCI, and a modest 
benefit observed when used in the setting of UAP and non-Q 
wave myocardial infarction (NQWMI) [50], for which it is 
approved clinically. In contrast to these intravenous agents, 
initially promising reports using orally active Ilb/IIIa 
receptor antagonists have shown no benefit 151, 52 J. 

ADP Receptor Antagonists 

Two other commonlv used anti-platelet agents are 
ticlopidine and clopidogrel, structurally very similar 
thienopyridines that impair ADP induced platelet 
aggregation, and commonly referred to as ADP receptor 
antagonists. Their precise mechanism of action is not 
known, but is thought to include: inhibition of ADP 
induced inhibition of adenylate cyclase and prevention of G 
protein association with the platelet membrane [a3]. Both 
agents reduce cardiovascular events in patients with a history 
of vascular disease, reduce coronary stent thrombosis, but 
since clopidogrel has an improved side effect profile, use of 
this agent has become more widespread [53], 

NOVEL AND EMERGING THERAPIES FOR ACUTE 
CORONARY SYNDROMES 

Acute coronary syndromes include the clinical spectrum 
of UAP, NQWMI and Q wave myocardial infarction (Ml). 
They share the pathogenic mechanism of rupture of the 
fibrous cap of an atherosclerotic coronary lesion, causing 
exposure of flowing blood to tissue factor and other 
elements, resulting in platelet activation, leading to platelet 
rjlue formation and arterial thrombosis m a manner 
analogous to that following PCI [54]. Likewise, the 
processes of platelet activation, adhesion, aggregation 
secretion and procoagulant activity have also been a focus or 
research efforts to treat acute coronary syndromes. 

Novel Antiplatelet Agents 

In addition to aspirin and the antiplatelet agents 
discussed above, and given the multiple pathways of platelet 
activation, additional approaches to reduce platelet activation 
have been investigated. Many of these use receptor 
antagonists at a number of points within the cascade of 
activation {Fig. (1)1 [55]. f irst, are approaches to inhibit 
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vV/F-GPIb interaction. Plasma von Willebrand factor (vWF) 
is a multimcric glycoprotein that mediates the adhesion of 
platelets to sites of vascular injury at arterial shear, and plays' 
a critical role in the formation of an arterial thrombus. v\VF, 
deposited onto subendothelial .collagen [56]or other 
substrates [57] binds to the platelet membrane glycoprotein 
lb receptor and tethers platelets in flowing blood to the 
vessel wall. Plasma v\VF and fibrinogen, bind to adhered 
platelets via the platelet membrane integrin, a,, b fc and cross- 
link activated platelets at the site of vessel injury thereby 
promoting the progression of the platelet thrombus. GPIb 
bound plasma vWF appears to act in synergy with a Iib p 3 
bound fibrinogen and vWF in sustaining platelet accrual 
[58], Given the central role v\VF plays in the initiation and 
progression of an arterial thrombus, interrupting the 
association between vWF and its ligands has long been 
considered a promising target for drug design but none are 
currently available. 

Recombinant fragments of the vWF molecule that 
express the GPIb-binding region have been developed; 2 of 
these (Leu 504-Lvs 728 and Ala 444-Asp 730) appear 
effective in animal models of thrombosis [59, 60]. Other 
approaches have been antibodies to GPIb which also appear 
effective in animal models of thrombosis, although given 
that these agents delay rather that eliminate thrombus 
formation, it is likely they will require adjunctive use of 
aspirin or other agents [55, 61]. A second approach is to 
inhibit platelet-collagen interaction. A number of naturally 
occurring compounds bind to collagen binding sites; rLAPr 
(recombinant leech antiplatelet protein) binds to the vWF 
binding domain, calin to the GPla/IIa-I-binding sue, both 
inducing an antithrombotic effect in mice [55]. Collagen 
recognizes 2 platelet receptors a 2 P, and GPVI; the 
identification of the peptide sequences in collagen that 
recognize these receptors and designing antagonists is 
therefore another approach, although a 2 P, is also present on 
a number of other tissues, which will likely reduce 
specificity of any agents developed. A third approach is to 
target thrombin-induced platelet activation. This normally 
occurs via 2 receptors; protease activated receptors PARI and 
PAR4 A variety of approaches have been employed to target 
these receptors; one such polyclonal antibody directed 
against the N-terminal exosite of cloned PARI has an 
effective antithrombotic action [62]. Another means ot 
inhibiting thrombin-induced platelet activation is the 
naturally occurring compound thrombostatin [63]. Lastly, 
impairing ADP-plateiet receptor P2Y1 and P2Y12 
interactions can also impair platelet aggregation and 
. thrombosis [55], and these agents arc currently in pnase II 
human clinical trials [64, 65]. 

Novel Anticoagulant Agents 

Heparin and warfarin have been in use for over 50 years 
and formed the principal anticoagulants in clinical use until 
recently Advances have been made m dosing and 
formulation of these agents, particularly rhe use ot low 
molecular weight heparins (LMWH) in place of 
unfractionated heparin (UFH), with resultant greater case ot 
administration, predictability of effect, and less requirement 
for monitoring [66 1. These improvements have been 
relatively modest compared to developments in the last 
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Fig. (1). The formation of a platelet fibrin thrombus. A schematic diagram representing the complex interaction between the 
subendorhelium, platelets and the coagulation cascade. Under high shear, platelet adhesion is initiated through the binding of 
GMbct to the Al domain ol" subcndothelial vWF. GPIb-vWF induced signaling leads to the activation of integrin an 0 P3 and the firm-, 
adhesion of platelets once this receptor engages the ROD domain of vWF. Platelet GPIba bound vWF can self associate with 
subendothelial vWF and also plays a role in platelet accrual along with integrin a|jbp3 associated 'fibrinogen and vWF. The release of 
tissue factor from endothelial cells and adjacent fibroblasts promotes the formation of fibrin, a process that is regulated by specific 
inhibitors and also by fibrinolysis. 



decade, in a multitude of novel proposed agents, targeting 
almost every step of the coagulation cascade in efforts to 
overcome some of the limitations of these drugs {Fig. (2)}. 
The coagulation cascade can be viewed in 3 stages; 
initiation, thrombin generation, and thrombin activaLion 
{Fig. (2)}. Novel specific inhibitors have been developed 
which act at each of these stages [66]. 

Initiation of coagulation occurs when free-flowing blood 
is exposed to tissue factor (TF). TF then binds factor Vila to 
form TF/VIIa complex. Thrombin generation then occurs via 
activation of factors X and IX by the TF/VIIa complex. 
Activated IXa combines with Villa to convert X to Xa, 
which then combines with Va and thrombin (factor TT). At 
present, a number of inhibitors of initiation of coagulation 
have been proposed. These include 2 naturally occurring 
compounds; Tissue factor pathway inhibitor (TFPI) [67] and 
nematode anticoagulant protein (NAPc2) [68]. NAPc2 
inhibits Factor Vila, but also binds Factors X and Xa, and 
has been evaluated for venous thrombosis prevention [66J. 
As shown in Fig. (2), there are multiple sites at which drugs 
may modify enzymatic steps in thrombin generation. The 



inhibitors. These include Pentasaccharide (Org31540/ 
SK90107A), antistatin and Tick Anticoagulant Peptide 
(TAP) [66]. Pentasaccharide (PS) is a synthetic molecule 
with high affinity for antithrombin (AT). PS also has the 
advantages that it does not activate platelets or bind to 
platelet factor 4, and does not contribute to heparin-induced 
thrombocytopaenia [69]. In 316 patients undergoing 
thrombolysis with r-tPA, treated with either PS or 
unfrac donated heparin for acute MI, vessel patency rates were 
similar, though not improved, with PS. Further evaluation 
of this agent is underway [69]. 

Thrombin (factor II) is activated by Xa and Va. Direct 
thrombin inhibitors (DTIs) inactivate free and fibrin-bound 
thrombin. They are of two types: bivalent inhibitors (hirudin 
and bivaiirudin) which act on 2 sites; the substrate 
recognition site and the active site; and the direct inhibitors 
which act only on the active site and include a number of 
smaller molecules (argatroban, efegatran, inogatran, 
melagatran and others). Hirudin is a synthetic 65 amino acid 
polypeptide originally derived from the leech salivary gland 
and bivaiirudin is a 20 amino acid molecule, part of which 
is analogous to the carboxytcrminal portion of hirudin. 



most experience has been gained with the Factor Xa 

Material may be protected by copyright law (Title 17, U.S. Code) 



106 Current Drug Targets - Cardiovas. & Haemal D&> 2003, Vol 3, #th 



Khacftiguw et ai 



Coagulation Pathways: Activation and Inhibition 
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Fie. (2). The coagulation cascade. \ simplified schematic outlining the coagulation cascade, with steps divided into initiation. 
Thrombin generation and thrombin activation. The various classes of drug inhibitors of thee steps are shown, and d.scussed .„ the 

text. TF = tissue factor. Adapted from Ref 191. 



Hirudin had similar efficacy to heparin in reducing 
thrombotic complications in patients with UAP and 
NQWM1, although was associated with greater bleeding risk. 
Bivalirudin had a similar effect to heparin hi patients 
undergoing PCI although it was associated with less 
bleeding [70]. In patients with acute Ml, there is the early 
suggestion of improved vessel patency in combination with 
SK, and this approach is currently under trial in a large 
patient cohort. . In contrast, the small molecule active site 
inhibitors have been disappointing for acute coronary 
syndromes, with no clear benefit over heparin demonstrated 
to date [66, 71]. At present, bivalirudin is the only DTI with 
FDA approval for use in acute coronary syndromes, as an 
alternative to heparin for patients undergoing percutaneous 
coronary intervention. Hirudin and argatroban have FDA 
approval only for patients in whom heparin is 
contraindicated because of heparin induced 
thrombocytopenia. The remaining DTIs are not approved for 
use [71]. 

Novel Antithrombotics 

Although the role of vWF in atherogenesis and plaque 
instability is uncertain, it is of critical importance in the 
development of an occlusive thrombus following plaque 
rupture [72]; [73]. The atherosclerotic plaque is characterized 
by the presence of foamy macrophages and smooth muscle 
cells in the intimal layer of muscular arteries. It has been 
postulated that vWF, by promoting platelet adherence to the 
subendothelial matrix, facilitates the action of cytokines in 
promoting smooth muscle cell migration and proliferation 
[74 1. Foamy macrophages are derived from circulating 
monocytes translocating to the subendothelium. The vWF 
propolypeptide, which is released along with mature vWF 
from endothelial cells, is a ligand for a 4 P„ an integrin used 
by monocytes to adhere to endothelial cells. . It is possible 
that vWF participates in the recruitment of monocytes, either 
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directly via the vWF propolypeptide or indirectly via 
platelets [75]; [76]. Mice can be made susceptible to 
atherosclerosis by breeding low density lipoprotein receptor 
(LDLR)-deficient mice and feeding them a diet rich in fat 
and cholesterol. Mice lacking both the vWF gene and the 
LDLR gene (LDLR vWF "'*) had 40% less atheroma at 
arterial ^bifurcation points than their counterparts with the 
vWF gene (LDLR *'*: vWF *'*) when fed a diet rich in fat and 
cholesterol [77]. A recent study using a rabbit model has 
demonstrated that vWF bound to endothelial cells helps 
recruit platelets to arterial branch points in response to 
hypercholesterolemia [78]. These studies support the view 
that vWF plays a significant role in atherogenesis at points 
of turbulent blood flow. 

v\VF circulates in blood as a series of multirners 6T 
varying size. Only the large and ultra large multirners are 
haemostatically competent. Large vWF multirners bind to 
activated platelets and collagen with up to ~1 00- fold higher 
affinity than monomelic fragments [79]. The larger the vWF 
mukirner, the higher the number of binding sites and greater 
the potential for vWF-ligand interaction and formation of a 
competent platelet thrombus [80], [81], [82]. The role of 
vWF multimer size in atherogenesis is not known but the 
association between the size of the vWF multimer and its 
thrombotic potential is convincing and regulating vWF 
multimer size is an attractive option in the treatment of 
thrombotic disorders such as stroke, myocardial ischaemia 
and peripheral vascular disease. 

vWF, is released from endothelial cells and platelets as 
ultra large multirners that are subsequently broken down into 
smaller and therefore less active forms by plasma factors. 
Two such factors, ADAMTS 13 and Thrombospondin-1 
(TSP-1), have recently been identified. ADAMTS 13 (a 
disintegrin and metalloproteinase with thrombospondin type 
1 motif) reduces vWF multimer size by proteolytic cleavage 
of the vWF subunit. A deficiency of the v\VF cleaving 
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protease and mutations in ihe ADAMTS 13 gene have been 
described in thrombotic thrombocytopaenic purpura (TTP), a 
microangiopathic haemolytic anaemia characterized by the 
presence of ultra large vWF muitimers and diffuse arterial 
thrombosis [83-85], TSP 1 is released from activated 
platelets and endothelial cells and regulates vWF multimer 
size, not by proteolytic cleavage but by reduction of the 
disulfide bonds, which link the individual subunits [86, 87]. 
Wc have recently localized the active site of TSP-1 to a free 
thiol at position 974 in the calcium-bindtng/C-terminal 
sequence [88]. The ability of these enzymes to regulate vWF 
multimer size, make them attractive options in the 
development of new antithrombotic drugs. 

NOVEL TREATMENTS FOR ACUTE MYOCARDIAL 
INFARCTION 

Thrombolytic Agents {Fig. (3)} 

Thrombolysis refers to the dissolution of thrombus, 
which has seen major application in the treatment of 
myocardial infarction, a process triggered by thrombotic 
occlusion of the epicardial coronary artery leading to 
downstream ischemia. Novel therapeutic thrombolytic agents 
have centred on either naturally occurring or synthetically 
produced enzymes. 

The prototype thromboytic agent, Streptokinase (SK.) 
was first derived from the beta haemolytic streptococcus. 
The name streptokinase is misleading; it is not an enzyme, 
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but forms a 1:1 complex with plasminogen, which then 
causes conversion of plasminogen to plasmin. Plasmin then 
acts to degrade fibrin, promoting thrombus dissolution and 
improving arterial patency, alone and in combination with 
aspirin, above thai of placebo; an effect translating into 
clinical benefit shown with SK in 1988 [89]. SK converts 
circulating as well as fibrin-bound plasminogen, whereas 
tissue type plasminogen activator (t-PA) a naturally 
occurring serine protease produced by the endothelium, acts 
solely on fibrin bound plasminogen activator, and is thought 
to induce earlier, higher rates of vessel patency than SK [90] 
in combination with heparin, particularly given as an 
accelerated dose [91]. This also translated into clinical 
improvements in mortality in a large clinical trial in 1993 
[92], However, given only 37% patency rates at 60 mins 
with t-PA translating to 30 day mortality rates generally 
staying above 7%, efforts have continued to select improved 
thrombolytic agents [93, 94]. These have been of a number 
of types, including mutant variations of t-PA, and other 
naturally occurring thrombolytics. 

Mutant t-PAs include rPA, TNK and n-PA. r-PA 
(reteplase) is a deletion mutant of t-PA, consisting of just 
the kringle 2 and protease domains of the molecule, which 
binds more avidly to fibrin-bound plasmin and has a longer 
plasma half-life, allowing bolus delivery [95], Despite 
promising initial studies, equivalent rather than improved, 
clinical outcomes have been demonstrated, compared to t-PA 
[94]. Similarly, TNK (TNK-t-PA or tenecteplase) is a 
mutant form of t-PA in which Thr 103 is substituted by 




Circulating Blood Clot Surface 



Fig. (3), Fibrinolysis. The fibrinolytic system is made up of the plasminogen, an inactive proenzyme, which may be converted to the 
active enzyme plasmin, which then degrades fibrin into fibrin degradation products (FDPs). Two. physiologic plasminogen activators 
(PAs) exist; urokinase-type PA (u-PA) predominantly acting on circulating and cell-bound plasminogen, and tissue-type PA (t-PA), 
acting mainly on clot-bound plasminogen. Streptokinase (SK) acts mainly on circulating and celi-bound plasminogen. 
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.Asn, and the sequence Lys 296-His-Arg-Arg is substituted 
for Ala-Ala-A la-Ala, and Asn 1 17 is replaced by Gin [95]. 
These changes increase resistance to degradation and prolong 
half-life, hut to date have not translated to clinical benefit 
over t-PA [96], n-PA (lanoteplase) has a point mutation with 
Asn 117 being replaced by Gin 117, and the fingerlike and 
epidermal growth factor domains are deleted, which increases 
potency and prolongs half life, but again demorj&cated only, 
equivalence in terms of mortality benefit, with possibly 
increased risk of hemorrhage [95]. 

Other novel thrombolytics include bat t-PA and 
staphylokinase (SAK). SAK is 136 amino acid recombinant 
form of a PA naturally produced by Staphylococcus aureus. 
Like SK, antigenicity may be induced, but a number of 
variants have been produced to minimise this, and increase 
fibrin selectivity [97]. A version of one of these SAK 
derivatives is currently undergoing a dose and safety trial 
[98|. Bat PA was originally derived from the saliva of the 
vampire bat Desmodus rotundus, but has since been 
available as a recombinant protein [99]. It has greater fibrin 
specificity, but to date has not shown higher arterial patency, 
and may be associated with increased bleeding risk [100]. 

Given the only limited success with novel 
thrombolytics, efforts have more recently turned to 
combining thrombolytics with novel antiplatelet and 
antithrombotic agents [101], This approach is attractive in 
that it provides potentially potent inhibition of fibrin, 
platelet aggregation and thrombus formation [102], although 
has the potential for increased bleeding risk. Early studies 
with full dose thrombolytic and the [Ib/IIIa receptor 
antagonist eptifibatide were associated with increased 
bleeding [103], as did subsequent studies using half-dose 
thrombolytic and abciximab [104]. In contrast, half dose 
thrombolytic using TNK and the low molecular weight 
heparin derivative enoxaparin in an initial study appeared to 
provide benefit without increased risk [ 1 05]. 

NOVEJL AND EMERGING THERAPIES FOR 
CHRONIC CARDIOVASCULAR DISORDERS 

Heart Failure and Hypertension 

The use of angiotensin converting enzyme (ACE) 
inhibitors has been central to the treatment of a wide 
spectrum of cardiovascular disease for over a decade. Initially 
used for the treatment of heart failure, these agents have 
since demonstrated benefit for patients with hypertension, 
left ventricular dysfunction and as agents reducing 
atherosclerosis progression [106]. This increased awareness 
of the importance of angiotensin as being involved in a 
number of pathogenic processes, including inflammation, 
plaque rupture and lesion progression, has lead to great 
interest in the possibility that angiotensin 11 receptor 
antagonists (or ARBs, angiotensin II receptor blockers) may 
provide additional benefits [106]. One such ARB, valsartan 
however showed no mortality reduction when added to ACE 
inhibitor therapy, although there were less hospitalizations 
and the suggestion of a minor degree of clinical benefit 
[107]. A second agent, lelmisartan is currently being studied 
alone and in combination with the ACE inhibitor ramapril 
in 2 large clinical trials [1081. 
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Endothelin Receptor antagonists are a second group of 
compounds targeting a separate physiologic pathway, with 
the potential for therapeutic use in a wide variety of' 
cardiovascular disorders including hypertension and 
congestive heart failure. Endothelin (ET-1) is a naturally 
occurring peptide produced by intact endothelium. It is. a 
physiologic antagonist of nitric oxide and a potent 
vasoconstrictor. It exists as 3 isoforms, ET1, 2 and 3, and 
likely acts on 2 receptors, A and B, although a third receptor 
may also exist [109, 110J. ET has had diverse roles 
proposed in the pathogenesis of hypertension, cardiac failure, 
myocardial infarction and coronary artery disease. ET 
antagonists have been tested in many of these settings 
principally using an antagonist of both A and B receptors, 
bosentan. For the most part these early clinical studies have 
demonstrated benefit in reduction of blood pressure and 
increased cardiac output and other indices of blood flow, 
though the physiologic significance of these effects remains 
incompletely understood, pending larger studies. 
Investigations are also underway for endothelin converting 
enzyme (ECE) inhibitors and similar drugs targeting neutral 
endopeptidase 24.11 (NEP), a related neurohumoral 
modulator [109, U0J. 

Despite the pathogenetic complexity and diffuse nature of 
hypertension, a number of investigators have also made 
efforts to treat this disorder using a gene therapy approach 
(reviewed in [1 1 1]). Various strategies have been attempted 
in the rat, using naked DNA or viral delivery systems 
targeting diverse genes including eNOS, atrial natriuretic 
peptide and kallikrein, resulting in modest transient 
lowering of systemic blood pressure. These are yet to 
proceed to human studies [111]. 

Chronic Ischemia and Angiogencsis 

Chronic myocardial ischemia - lack of myocardial 
oxygenation due to insufficient blood supply - has 
traditionally been treated with mechanical attempts at 
revascularisation. Such methods have recently been 
improved, and also used in combination with novel 
pharmacologic therapies [112]. One such example is in the 
pharmacologic means of achieving angiogenesis. 

Angiogenesis is the process by which new capillary 
vessels sprout and grow from existing vessels, as occurs in 
wound healing or at the edges of infarcted myocardial 
territory. In contrast, vasculogenesis refers to vascular 
growth from endothelial progenitor cells as occurs 
principally in embryonic development, leading to primitive 
blood vessel formation. Until recently, il was considered 
that vasculogenesis is confined to the embryonic phase of 
development. However, it has recently been shown that 
circulating endothelial precursor cells arc capable of 
incorporating into regions of injury and ischemia and 
. meaningfully contribute to increased vascularity [113, 114]. 
Arteriogenesis refers to the new appearance of fully-formed 
vessels, independent of their origin. It is generally 
considered that arteriogenesis reflects the remodeling of 
small vessels which are able to increase their radius and 
recruit smooth muscles to develop a media [115J; often, 
these remodeled new arteries take a cork-screw path through 
the tissue and are angiographically visible. The term 
neovascularization encompasses all three processes. 
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A multitude of growth factors and cytokines contributing 
to vascular growth have been identified [1 16]. It has been 
proposed that delivery of one or a group of these substances 
either by gene transfer or directly within ischemic 
myocardium will enhance the vascular growth process, 
improve myocardial perfusion and reduce symptoms of 
ischemia. Most prc-clinical and clinical studies have focused 
on the use of one of two cytokines: Vascular Endothelial 
Growth Factor (VEGF) and Fibroblast Growth Factor 
(FGF), and in many cases, naked plasmid DNA has been 
used rather than using viral vectors [117]. To date, the 
published clinical trials of angiogenesis for coronary or 
peripheral vascular disease have been largely limited to 
small, single center phase I or II trials [117, 118]. For 
coronary disease, 5 published trials have studied a total of 
165 patients. These trials have focused on VEGF and FGF, 
in several isoforms, given as gene/vector combinations or 
protein, and using a number of delivery methods, for the 
most part in a non-randomized fashion. Overall, they have 
demonstrated feasibility and safety, and although not 
designed to do so, have also suggested efficacy. Novel 
techniques have also been used to achieve intramyocardial 
delivery via the percutaneous route. A preliminary report has 
demonstrated feasibility of delivering naked plasmid DNA 
for phVEGF-2 in humans [119]. 

NOVEL AND EMERGING THERAPIES IN 
PREVENTATIVE CARDIOLOGY 

Dyslipidemias 

Given the well-established links between dyslipidemia 
and subsequent cardiovascular events, dietary and 
pharmacologic interventions have been advocated in efforts 
to reduce risk [120|. A number of large randomized 
controlled trials have established the place of 3-hydroxy-3- 
methylyglutary! coenzyme A (HMG-CoA) reductase 
inhibitors or statins in the treatment of dyslipidemias. 
Reductions of LDL-C in the range of 25-35% have 
consistently been shown with a variety of agents, translating 
to reductions of 24-37% in coronary events [121]. However, 
given the observations that most coronary events occur in 
patients with normal or only mildly elevated cholesterol, 
novel treatment strategies continue to be examined. Two 
such approaches are to use more potent agents to achieve 
further reductions in LDL-C, and to use novel agents 
targeting other lipid moieties [121]. 

Rosuvastatin is a novel statin with increased selectivity 
for activity within the liver, prolonged duration of action 
leading to increased ability to reduce LDL-C [122]. This 
agent is capable of dose-dependeni reductions of LDL-C of 
34 to 65% and is currently the subject of a randomized phase 
III trial compared to established statins [123]. NK-104 is a 
structurally similar agent also undergoing trial [124]. Other 
approaches in attempting greater LDL-C reductions include 
novel agents blocking other physiologic pathways [121]. 
Cholesterol transport inhibitors such as ezetimibe inhibit 
cholesterol absorption in the intestine and induce LDL-C 
reductions of nearly 20% [125]. Acyi coenzyme 
Axholesterol acyltransferase (ACAT) inhibitors such as 
avasimibe may reduce macrophage cholesterol storage, 
although these agents are in general poorly absorbed, and 
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have little effect on plasma cholesterol, making monitoring 
difficult [124]. 

Lastly, in populations with average total cholesterol and 
LDL-C levels, there is increasing awareness of the role of 
other lipid fractions; HDL-C appears as a predictor of future 
events, as well as apolipoproteins A-I (the major 
apolipoprotein in HDL) and apolipoprotein B (the major 
apo lipoprotein in LDL) [121]. It is therefore possible that 
enzyme inhibition in these pathways may also have 
therapeutic use. 

Dyslipidemias have also been subject to initial studies 
attempting gene transfer (reviewed in [1 1 1]). This has taken 
a number of strategies. One approach has been to increase 
high density lipoprotein (HDL), levels of which are 
inversely related 1 to atherogenesis risk. The observation that 
ApoA-1 over-expressing transgenic mice have increased HDL 
levels, prompted efforts to over-express human ApoA-1 by 
adenoviral gene transfer, which results in a potent anti- 
atherogenic effect [ 1 26]. Other potential targets have been the 
LDL and VLDL receptors in the inherited dyslipidemias 
resulting from deficiencies in these. Autologous hepatocytes 
trans fee ted with LDL receptor carrying virus have been 
transplanted in a pilot human study and resulted in 
reductions in circulating LDL levels, suggesting this 
approach may be feasible fill]. 

NOVEL AND EMERGING THERAPIES IN 
MALIGNANT HAEMATOLOGY 

The Conventional Approach to the Treatment of 
Haematological Malignancies 

The use of arsenicals in the treatment of leukaemia dates 
back at least to 1865 and the use of radiation therapy 
preceded World War I [127]. The haematopoeitic toxicity of 
mustard gas, observed with its use in World War I led to the 
development of a generation of alkylating agents, such as 
chlorambucil, busulphan and cyclophosphamide which are 
still in use today. The 1960s heralded the use of 
combination chemotherapy and adjuvant radiotherapy in the 
treatment of leukaemia and lymphoma with the realization 
that curc%'\vere possible in a subset of patients [128], Since 
then, advances in antimicrobial therapy and transfusion 
medicine have complimented the higher cure rates achieved 
by the newer cytotoxic drugs and bone marrow 
transplantation in the treatment of leukaemia. 

The diagnosis and classification of haematological 
malignancies, at present, is based predominantly on the 
morphology, immunophenotype and clinical behaviour of 
the malignant clone. Patients are stratified into risk 
categories based on patient and tumour characteristics 
foremost amongst which are the patient's age and the 
cytogenetic abnormality of the malignant clone, to guide 
therapy and prognosis. The majority of malignancies are 
treated at present with multiple cycles of chemotherapy and/ 
or radiotherapy, followed when appropriate by autologous or 
allogeneic bone marrow transplantation. 

The Promise of Microarray Technology in Tumour 
Diagnosis, Classification and Treatment 

Carcinogenesis is a multistep process characterized by the 
acquisition of a series of geneiic lesions, which confer a 
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survival advantage to the malignant clone. The particular 
combination of genetic lesions acquired by a tumour cell is 
probably unique and defines its clinical behaviour. It would 
also be expected that tumours with closely related genetic 
lesions would demonstrate a similar pattern of behaviour. A 
malignant clone can therefore be defined and categorized by 
its gene expression profile, and DMA mieroarrav technology 
provides a mechanism by which this profile can be read, 
computed and interpreted. 

The DNA microarray utilizes a scries of mRNA or 
oligonucleotide probes, immobilized on a solid support, to 
survey sample cDNA. Sample cDNA is prepared by reverse 
transcription of mRNA extracts using fluorescent dyes. The 
labeled sample cDNA is mixed with standard cDNA (labeled 
with a different dye), and hybridized with the arrayed mRNA 
probes. The fluorescence emitted by sample and standard 
cDNA at each spot is quantified and expressed as a ratio. 
The density of mRNA probes on the solid support varies 
considerably, hence the use of standard cDNA to standardize 
results between arrays. The gene expression profile created 
for each sample can then be compared with others, to group 
samples with like profiles [129]. The clinical utility of gene 
expression profiling is still in its infancy. It has been 
demonstrated that tumours classified by conventional 
methods can also be differentiated by their gene expression 
profiles [130], [131 J. More importantly, tumours, which 
appear to share a common cell of origin but respond 
differently to treatment, have been successfully 
subcategorized based on their gene expression profile. 
Despite these successes, the true . potential for this 
technology lies not in replacing current methods of 
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diagnosis and classification of tumours but in identifying 
new molecular targets for the design of novel agents. 
Furthermore, diagnostic microarrays spotted with genes that 
can be regulated by such designer drugs, could also be used 
to rationalize available therapy [132]. 

Designer Drugs 

Cell proliferation, differentiation and apoptosis are 
highly regulated and surprisingly interrelated events. Each 
event is a coordinated response by a cell to an extracellular 
stimulus. A number of signal transduction pathways, used 
by cell surface receptors to transmit extracellular signals to 
the nucleus have been described. These pathways ultimately 
impact on genes, which control the passage of cells through 
cell division. Malignant cells often survive by acquiring 
defects in signal transduction pathways and the cell cycle 
program, which confer independence. from or an abnormal 
response to external stimuli. The identification and 
interruption of a pathway that drives a malignant clone could 
therefore potentially terminate its growth. 

Targeting Anomalies of the Signal Transduction 
Pathways {Fig. (4)} 

A number of mutations associated with the ran and Janus 
kinase (Jak) signal transduction pathways have been 
identified and drugs that target these signaling proteins are 
already in clinical trials. The ras family of signaling 
proteins can exist as inactive GDP or active GTP forms. The 
signal cascade is initiated by an extracellular ligand binding 
to a member of the receptor tyrosine kinase (RTK) family 
followed by autophosphorylalion of the receptor. The signal 
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Fig. (4). Targeting the signal transduction pathway. The signal cascade is initiated by an extracellular ligand binding to a member 
of'the receptor tyrosine kinase (RTK) family followed by autophosphorylation of the . receptor. The signal is transduced from the cell 
surface to the gene regulatory machinery by sequential activation of proteins by phosphorylation, which leads eventually to the 
control of gene transcription. Farnesyl transferase is an enzyme that prenylates the ras proteins, permitting their attachment to the 
inner cytoplasmic membrane where they are positioned to participate in signal transduction. Members of the cytokine receptor 
superfamily lack intrinsic tyrosine kinase activity and rely on Jak mediated phosphorylation of the ligand-receptor complex tor the 
subsequent binding and dimerizaiion uf Stat and the initiation of downstream signaling. 
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is transduced from the cell surface to the gene regulatory 
machinery by sequential activation of proteins by 
phosphorylation, which leads eventually to the control of 
gene transcription. 

The therapeutic success of imatinib mesylate, formerly 
known as STI 571, in the treatment of chronic myeloid 
leukaemia (CML) bears testimony to the promise of targeted 
molecular based therapy. Imatinib was designed specifically 
to block the ATP binding site of the constitutively activated 
bcr-abl tyrosine kinase that is expressed in CML [133]. This 
drug has not only transformed the treatment of CML, but 
has heralded the advent of targeted molecular based therapy 
in mainstream haematology. Imatinib is not specific for the 
bcr-abl tyrosine kinase and has in vitro activity against 
mutant c-kit (stem cell factor receptor) cell lines and could 
have a broader application than originally intended. The 
crystal structure of a number of other normal and aberrant 
protein kinases has been determined permitting the rational 
design of drugs that occupy and block the active sites of 
these enzymes [134]. 

The ras family of proteins plays a pivotal role in signal 
transduction with far reaching downstream consequences in 
cell proliferation, differentiation and apoptosis. Farnesyl 
transferase is an enzyme that prenylates the ras proteins, 
permitting their attachment to the inner cytoplasmic 
membrane where they are positioned to participate in signal 
transduction. Rl 15777 (tipifamib), a farnesyl transferase 
inhibitor has completed phase I trials in acute myeloid 
leukaemia (AML) with an overall response rate of -30% in 
relapsed and refractory AML [135]. 

Members of the cytokine receptor superfamily (interferon, 
erythropoeilin, granulocyle-colony stimulation factor etc) 
lack intrinsic tyrosine kinase activity and rely on Janus 
kinase mediated phosphorylation of the ligand-receptor 
complex for the subsequent binding and dimerization of 
signal transducer and activator of transcription (Stat) and the 
initiation of downstream signaling. Potential targets for drug 
design include, blocking Stat phosphorylation, interrupting 
the dimerization of Stat, interfering with the binding of Stat 
dimers to DNA binding domains and the use of 
oligonucleotide therapy to interfere with Slat expression 
[136], [137]. 

Targeting Mutant Transcription Factors 

The signal that is transduced into the nucleus results in a 
change in the regulation of gene expression. This regulation 
is achieved by transcription factors that have DNA binding 
domains that recognize specific consensus nucleotide 
sequences and regulatory domains that directly or indirectly 
stimulate or repress gene expression. 

A number of well recognized translocations in acute 
myeloid leukaemia result in the synthesis of aberrant 
transcription factors that often act as dominant negative 
inhibitors of the normal factor function. 

The commonest molecular abnormality in acute 
promyelocytic leukaemia (APL) is the expression of a PML- 
RARa transcript as a result of a balanced translocation 
between chromosomes 15 and 17. Whereas the normal 
RARct (retinoic acid receptor a) transcript forms a 
heterodimer with members of the RXR'(retinoic X receptor) 
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family of transcription factors and activates gene 
transcription, PML-RARa recruits a nuclear co-repressor 
histone deacetylase complex and inhibits gene transcription. 
The introduction of all transretinoic acid (AT RA) in the 
treatment of APL has led to a dramatic improvement in 
survival. ATRA binds PML-RARa and reduces its affinity 
for the nuclear co-repressor complex and increases its affinity 
for transcription activators, effectively normalizing the 
transcription block imposed by the t (15; 17) translocation 
[138], [139], [140]. 

Two other translocations in AML, t (8; 21) and inv (16) 
are associated with the expression of fused transcription 
factors, AML1-ETO and CBFP-MYH11 respectively, both 
of which inhibit gene transcription by recruiting nuclear co- 
repressor molecules and histone deacetylases [141], [142]. 
Histone deacetylase inhibitors (HDI) can reverse the block 
imposed by these mutant transcription factors but re- 
cstablishmcnt of cell differentiation would require 
recruitment of co-activator molecules and histone acetylases 
to re-establish gene transcription. Nevertheless the efficacy of 
a number of HDI in inducing differentiation or apoptosis in 
malignant cell lines has led to the commencement of phase 1 
trials in refractory multiple myeloma and non-Hodgkin 
Lymphoma using the HDI, Suberoylanalide hydroxamic acid 
(SAHA). 

The paradigm for drug development in this area would be 
to first identify mutant transcription factors which are critical 
for the loss of cell differentiation and then modify them such 
that the co-activator complex is hound in preference to the 
co-repressor complex to re-establish gene transcription and 
cell differentiation. 

Inhibitors of Cell Cycle Progression {Fig. (5)} 

The passage of cells through the cell division cycle is a 
carefully orchestrated event. A cascade of protein 
phosphorylation pathways drive the cell through checkpoints 
that monitor completion of the molecular events and if 
necessary, delay progression to the next phase of the cycle. 
The cell cycle can be arbitrarily divided into G, 
(presynthetic), S (DNA synthesis), G 2 (premitotic) and M 
(mitotic) phases. The movement of cells from the quiescent 
phase, G 0 , into the cell cycle is normally dependent on 
growth signals that are bypassed in malignancy. Major 
checkpoints exist between G t -S and G 2 -M. 

The cyclin dependent kinases (cdk) are a family of 
constitutively expressed proteins that drive the cell cycle by 
the phosphorylation of groups of proteins that are required 
for cell division. The process is coordinated by the 
expression of growth phase specific cyclins that interact with 
and facilitate the activation of the cdks [143]. Cyclin D for 
example, is expressed when the cell enters the G 1 phase, and. 
interacts with cdks 4 and 6 to drive the cell across the Gl-S 
checkpoint. The checkpoints are maintained by groups of 
cdk inhibitors and by suppressors such as the retinoblastoma 
protein, which sequesters growth promoting transcription 
factors. P53 is a commonly mutated rumour suppressor 
proLein, which is expressed in response to stimuli known to 
damage DNA. P53 stalls the cell cycle at the G 2 -M 
checkpoint by promoting the expression of p21, a cdk 
inhibitor that inhibits the CyclinB/CDKl complex. The 
defect is then either repaired and the cell proceeds through 
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the cell cycle or the apoptotic program is activated and the 
cell dies [144]. As the cell progresses through the cycle the 
balance between the promoters and inhibitors is maintained 
by degradation of the cyclins and cdk inhibitors by the 
ubiquitin-proteasome pathway (vide infra). Mantle cell 
lymphoma (MCL) is an aggressive non-Hodgkin lymphoma, 
characterized by the t (11; 14) translocation and the 
overexpresston of Cyclin Dl. Flavopiridol is a plant extract 
and the first inhibitor of cdks to enter clinical trials. It 
targets the ATP binding site of a number of cdks and is 
active against resting and proliferating cells. In phase I trials 
in MCL, flavipiridol appears to have limited efficacy as 
monotherapv. Inhibitors of Cyclin Dl that are designed to 
affect its binding to cdks, could in theory be more effective 
in MCL. 

Inducers of Apoptosis 

A mixture of growth, survival and death signals help 
maintain the density of the normal cell population. The 
pathway of programmed cell death or apoptosis is also 
triggered by pathological stimuli, and serves as a mechanism 
of deleting cells damaged beyond repair. The process 
involves the activation of the caspase family of proteolytic 
enzymes, which mediates the cleavage of cytoskeletal and 
nuclear proteins and the dissolution of DNA by the 
activation of cytoplasmic DNase. Caspase activity is 
regulated by adaptor proteins, which transmit signals from 
the cell surface and by the bcl-2 family of proteins. The bcl- 
2 family of proteins consists of pro and anti-apoptotic 
members, the balance of which determines the release of 
cytochrome c and other activators of the caspase family, 
across the outer mitochondrial membrane into the cytosol 
[145]. Fas (CD95) and TNFR1 (Tumour necrosis factor 



receptor 1) are cell surface receptors that are bound by 
soluble and surface bound tigands, and transmit death 
signals to the caspase family of effectors. TN1VTNFR1 
interaction also promotes cell survival by the activation of 
the transcription factor NF-kB (Nuclear factor-KR) [146]. 
The apoptotic pathway can also be suppressed by survival 
signals, which alter the balance of anti-apoptotic bcl-2. The 
dead cells then demonstrate surface markers, which facilitate 
their recognition and removal by tissue macrophages. 

The central role played by bcl-2 in regulating apoptosis 
and its over expression in a majority of_fol]icuhjr_ 
lymphomas and a proportion of diffuse large B cell 
lymphoma, chronic lymphocytic lymphoma, mantle cell 
lymphoma and multiple myeloma makes it an attractive 
target in drug development. Antisensc oligonucleotides 
(ASO) directed against bcl-2 mRNA have completed phase 1 
clinical trials. As with other potential targets for ASO 
therapy, an 18-mer-phosphorothiolated oligonucleotide, 
G3139, complementary to the first six codons of the open 
reading frame of the bcl-2 mRNA was designed. It is 
intended that the oligonucleotide, which has had its 
phosphodiester backbone modified to make it nuclease 
resistant, will form a DNA-mRNA heteroduplex with the 
bcl-2 transcript and activate RNaseH an enzyme that cleaves 
the mRNA moiety preserving the ASO. It is predicted that 
the combination of ASO and chemotherapy will, at least be 
additive, if not synergistic and a phase I trial involving 
G3139 and cyclophosphamide in relapsed follicular 
lymphoma has commenced [147], [148]. 

Perforin/granzyme-induced apoptosis is the main 
pathwav used bv* cytotoxic lymphocytes to kill virus- 
infected or transformed cells [149]. Tt is proposed that a 
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macromolecular complex released by effector cells, 
composed of perforin and granzyme B, complexed Lo the 
lymphocyte granule proteoglycan, serglycin binds to the 
membrane of target cells and is endocytosed. Within the 
acidic vesicle, perforin disrupts the endocytic membrane 
releasing the granzyme B complex into the cytosol 
triggering apoptosis of the target cell [150]. Understanding 
the biophysical properties of this natural modular drug 
delivery system may provide insights into the utilization of 
its components in future drug design. 

Gap junctional intercellular communication (GJ1C) is 
thought to regulate cell growth, differentiation and apoptosis 
[151], Impaired GJ1C contributes to the growth and spread 
of cancer cells and restoring normal function would in theory 
help re-establish some growth control. The complex cell-cell 
and cell-matrix interactions required for normal GJIC, make 
this a difficult challenge. Blocking the tumour promoters 
that disrupt GJIC and contribute to malignant growth would 
be a more logical option than attempting to restore normal 
GJIC in neoplastic cells. Even this strategy would need lo 
be part of a multifaceted approach to achieve meaningful 
tumour kill. 

Inhibitors of the Proteasome 

The proteasome is a multicentric protease complex that 
mediates the degradation of intracellular proteins and plays a 
critical role in the regulation of their function [152]. The 
proteins targeted for degradation are first conjugated with 
ubiquitin. Targets for the ubiquitin-proteasome pathway 
include proteins involved in cell cycle control, apoptosis, 
transcription factor activation and cell motility. Bonezomib, 
formerly known as PS 341 is a proteasome inhibitor that has 
entered clinical trials. By increasing the concentrations of 
these regulatory proteins, bortezomib appears to shift the 
balance away from cell survival to apoptosis. Multiple 
myeloma, CLL and mantle cell lymphoma are examples of 
malignancies that have acquired molecular defects that favour 
cell survival and impair apoptosis, which make the 
malignant clone particularly difficult to eradicate by 
conventional therapy [153]. The combination of cytotoxic 
therapy and bortezomib has promise and the outcome of 
these trials is eagerly awaited. 

For the full potential of targeted molecular based therapy 
to be realized, the salient molecular defects that drive a 
particular malignant clone should first be identified. The 
development and application of gene expression profiling by 
rnicroarrays will need to progress in parallel 10 contend with 
ihe increasing complexities of diagnosis and treatment. It is 
conceivable that with time, the most appropriate of the 
available molecular based therapies, will be picked with the 
aid of a computer algorithm based on the gene expression 
profile of a particular tumour. 

Immunotherapy 
Serotherapy 

The initial concept of raising monoclonal antibodies 
against tumour specific antigens, for use in targeting 
cytotoxins to the tumour and avoiding collateral damage to 
normal cells has been modified by a number of practical 
issues. Developing unique antihodies is an expensive and 
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time-consuming process and in the case of a rapidly 
proliferating B cell lymphoma, possibly futile and even 
dangerous. Tumour specific idiotypic antibodies on the 
surface of B cell lymphomas would seem at first an ideal 
target for the development of monoclonal antibodies, but as 
the antigen (in this instance an idiotypic antibody) is shed 
into the circulation in large quantities, the monoclonal is 
neutralized before it reaches its target with the added 
problem of immune complex formation and tissue 
deposition. 

The trend therefore has been to develop both conjugated 
and unconjugated humanized monoclonal antibodies against 
common tumour antigens. The ideal antigen would be 
densely expressed on the surface of the tumour relative to 
normal cells, would not be shed into the bloodstream and 
would not be internalized following antibody binding. The 
ideal antibody would reach and bind the target antigen with 
high avidity, would not induce host anti-monoclonal 
alloantibodies, and would effectively activate the 
complement cascade, induce apoptosis and bind 
macrophages, killer and NK cells to eliminate the target 
tumour cell. 

There is now considerable clinical experience with the 
use of Rituximab, an anti-CD 20 humanized mouse 
monoclonal antibody in a wide variety of B-Cell 
lymphomas [154]. It has proved most effective in the 
treatment of indolent non-Hodgkin's lymphomas, which 
express high titrcs of CD 20, although its role in aggressive 
lymphomas both as single therapy and in conjunction with 
chemotherapy is being explored. As expected there is a 
depiction of normal B-lymphocyles from the circulation but 
as plasma cells do not express CD 20, serum 
immunoglobulin levels are maintained during Rituximab 
therapy. 

Campath-1 H, a humanized anti CD 52 IgG 1, is licensed 
for use in patients with refractory chronic lymphocytic 
leukaemia. As CD 52 is expressed in a wide variety of 
immunocompetent cells, including B and T lymphocytes, 
monocytes and NK cells, it is not surprising that a profound 
immunodeficiency results and prophy lactic therapy for 
Pneumocystis and herpes simplex virus is often commenced 
with Campath-1 H therapy. 

HuM195 is a humanized anti CD 33 monoclonal 
antibody designed for use in acute myeloid leukaemia 
(AML) in which more than 90% of blasts express CD33, a 
pan myeloid marker [155]. Although HuM195 results in 
myelosuppression, this effect is transient as CD 33 negative 
stem cells reconstitute the myeloid cell lines. As an 
unconjugated antibody, anti-CD 33 has limited clinical 
efficacy, but conjugated with an antibiotic, calicheamicin,. 
and licensed as Mylotarg, it has proved effective and has 
been approved for treating relapsed CD33 positive AML in 
elderly patients who are not candidates for aggressive 
remission induction therapies. 

Radioimmunoconjugates, combining Y or 3 panicle 
emitters with monoclonal antibodies, have entered clinical 
trials in- the treatment of refractory and relapsed lymphoma 
[156]. The radioimmunoconjugates have the theoretical 
advantage of targeting therapy to antigen positive tumour 
cells and killing antigen negative mutants and surrounding 
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cells that are inaccessible to the antibodies, by a radioactive 
field. I i3t -immunoconjugates are cheap and effective and can 
be used for both imaging and treatment, but pose a radiation 
hazard to associates of the treated individual. 3 Particle 
emitters such as Y 90 do not have this drawback but require 
surrogate radioisotopes to establish biodistribution. Anti- 
CD33 radioisotope conjugates have proven too toxic for 
therapy but may have a role in conditioning regimens for 
bone marrow transplantation by allowing the administration 
of a higher dose of radiation to the bone marrow, relative to 
normal tissue. 

Cellular Therapy 

The very survival of tumour cells reflects, in a sense, a 
failure of the host's immune system to recognize and 
eliminate abnormal tissue. The failure of the immune system 
to eliminate tumour cells is variably attributed to the 
decreased immunogenicity of these cells and the 
immunosuppressive environment generated by the tumour. 
Efforts therefore have focused on mechanisms by which this 
induced tolerance might be overcome. Tumour vaccines 
based on antigen-loaded dendritic cells have entered clinical 
trials [157, 158]. Dendritic cells have limited phagocytic 
capacity but are highly effective antigen presenting cells 
[159J. immature dendritic cells can be harvested from 
peripheral blood by leukopheresis and separated by density 
centrifugation or grown from haemopoeitic stem cells or 
monocytes. There are unfortunately very few clinically useful 
tumour specific antigens and the prospect of generating 
vaccines for individual tumours is impractical. The focus 
therefore has shifted from tumour specific antigens to the use 
of tumour associated and tissue specific antigens. 
Telomerase, for example, is expressed in a majority of 
tumours and Tarely if at all by normal adult cells and is 
therefore a potential antigen for tumour vaccines [160). The 
use of tissue specific antigens such as prostatic acid 
phosphatase in tumour vaccines could potentially result in 
damage to both normal and tumour cells, but the damage 
would at least be limited to a particular tissue type. The 
selected antigen is usually engineered to optimize uptake and 
processing by dendritic -ells. Mature dendritic cells that 
express the antigen .id demonstrate co-stimulatory 
molecules are reinfused to the host with the intent that they 
induce a T cell driven immune response against the resident 
tumour. Idiotype pulsed dendritic cells have been used in the 
treatment of B-cell lymphoma and multiple myeloma with 
encouraging results. 

A related approach has been the use of activated 
polyclonal or antigen specific autologous T cell infusion 
[161]. In the antigen specific T cell approach, antigen loaded 
dendritic cells orMHC-peptide tetramer complexes are used 
to select, activate and expand autologous T cells, which are 
then reinrused to the patient. 

Encouraged by the success of donor T-lymphocyte 
infusion (DL1) in the treatment of relapsed CML, the graft 
versus leukaemia (GVL) effect of allogeneic T ceils has been 
harnessed in the use of allogeneic stem cell transplantation 
after non-myeloablative conditioning to treat a variety of 
haematoiogical and solid malignancies. Graft versus host 
disease (GVHD) is a dose related complication of DLL There 
is early evidence to suggest that CDC DLI may retain its 
GVL effect with a lower incidence of GVHD [162J. 

Material may be protected by 



Anti-angiogenic Drugs 

The haemangioblast is the common progenitor of both 
vascular endothelial cells and haematopoeitic stem cells. A 
small proportion of CD34" stem cells, express VEGFR-2 
(vascular endothelial growth factor receptor-2), and has the 
potential to reconstitute both haematopoeitic cells and the 
vascular endothelium [163, 164]. The shared lineage between 
haematopoeitic cells and endothelial cells pemiit certain 
malignant haemopoeitic cells to secrete and respond to 
angiogenic factors. 

Angiogenesis is a coordinated process, mediated in the 
main by a family of vascular endothelial growth factors 
(VEGF) that regulate the breakdown of the vascular 
basement membrane, dissolution of the surrounding matrix, 
proliferation and migration of endothelial cells and the 
formation of a capillary lumen. The process is completed by 
reconstitution of the basement membrane and termination of 
endothelial cell proliferation [165]. 

We have developed a peptide trivalent arsenical, 4-(N-(S- 
elutathionylacetyl)-amino) phenylarsenoxide (GSAO), that is 
a remarkably effective inhibitor of tumour angiogenesis and 
tumour growth in mice [166]. Moreover, it is orally 
available and has no side-effects at efficacious doses. GSAO 
triggers apoptosis of proliferating but not quiescent 
endothelial ceils in culture and is selective for endothelial 
cells compared to other cell types. The ease of synthesis, 
small size, apparent safety and oral availability of GSAO 
bodes well for its potential as a therapeutic for the treatment 
of human cancer and other angiogencsis-dependent diseases. 

More than 40 endogenous anti-angiogenic compounds 
have been described. Attempts to use these compounds in 
clinical trials have been hindered by high dose requirements 
and the relative instability of ihe recombinant proteins. The 
focus has shifted to the manufacture of synthetic anti- 
angiogenic compounds and anti-angiogenic gene therapy 
[167, 168]. AG3340 (Prinomastat) is a gclatinase inhibitor 
in phase II trials in the treatment of patients with the 
myelodysplasia syndrome (MDS). Its anti-angiogenic 
properties relate to the inhibition of basement membrane 
dissolution and endothelial cell migration. 

A number of inhibitors of endothelial cell activation and 
proliferation are currently in clinical trials. Bevaci/.umab is a 
humanized anti VEGF monoclonal antibody, in phase II 
trials in MDS, AML and lymphoma [169]. Thalidomide and 
its analogues, in addition to their direct cytotoxic effect, 
inhibit (3FGF and VEGF induced angiogenesis and is 
effective in the treatment of multiple myeloma and is being 
triallcd in the treatment of MDS [170]. The VEGF receptors 
belong to the receptor tyrosine kinase family and utilize the 
ras signaling pathway for signal transduction. A number of 
receptor tyrosine kinase inhibitors, which have broad 
receptor specificity, are in clinical trials [171]. 

A number of endogenous anti-angiogenic compounds 
have been used in gene therapy models in experimental 
animals with a degree of success. Short of intratumoral 
injection of the vector, targeted gene therapy remains 
elusive. As a consequence, normal host tissue is used to 
express these compounds at supra physiological 
concentrations. It is hoped that the low toxicity profile 
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observed in animal experiments will translate to humans 
without loss of efficacy [163]. 

Gene Therapy 

Gene therapy was initially conceived as a means of 
treating single gene disorders but contrary to this original 
dictum; cancer, which is usually characterized by a 
multiplicity of genetic mutations, has become the 
commonest application for gene therapy in clinical trials. 
These clinical trials have by and large addressed the 
treatment of solid tumours but have parallels in the 
treatment of hacmatological malignancies. The basic 
approaches have revolved around the induction of tumour 
immunogenesis, suicide gene therapy and redressing defects 
in the cell cycle program [1 72]. 

The most frequently used approach in tumour 
immunogenesis, is the intratumora! injection of fibroblasts 
engineered to express cytokine genes such as 1L-2, Interferon 
Y or TNF a. Suicide gene therapy involves the introduction 
of genes, which express enzymes such as herpes simplex 
virus thymidine kinase that convert non-toxic drugs to 
cytotoxic compounds. Mutations in p53 arc noted in - 50% 
of certain solid tumours. Gene transfer of wild type p53 to a 
wide variety of tumors has yielded only limited success 
[173]. The published results of the many clinical trials in 
gene therapy in cancer have in general been disappointing. 
The need for iniratumoral injection of the vector remains a 
major drawback. Methods of targeting gene therapy to the 
tumour, short of intratumoral injection, will need to advance 
in parallel with the advances made in vector design, to 
derive benefit from gene therapy in cancer. 

Haemopoeitic Cytokines 

The demonstration in the early 1960s, that cells in the 
bone marrow have the capacity to establish haemopoeitic 
colonies of multiple lineages in the spleen when injected 
into irradiated mice [174], helped advance the concept of 
stem cells resident in the bone marrow regenerating the 
various blood cell lines in a regulated manner. The 
purification of colony stimulating factors that favour the 
proliferation of one cell line over another followed a couple 
of decades later [175]. It is now clear that none of the colony 
stimulating factors are completely lineage specific and that 
the most primitive ceils require the highest number of 
regulators for cell multiplication and differentiation [176]. 
Erythropoeitin, granulocyte colony stimulating factor (G- 
CSF), granulocyte macrophage colony stimulating factor 
(GM-CSF), thrombopoeitin and stem cell factor are used in 
clinical practice to a variable degree but the appropriate 
indications for their use, the most useful combination and 
the best timing are still debated despite many years of 
clinical experience. 

As an alternative to blood transfusion, erythropoeitin has 
an established role in the treatment of anaemia associated 
with chronic renal failure. There is also compelling evidence 
for its use in anemic patients with lymphoproliferative 
disorders who are receiving chemotherapy [177]. Although 
used in anemia associated with myelodysplasia, the best 
response appears to be in combination with G-CSF [178- 
180] and in patients with a low serum erythropoeitin level 
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and a baseline red-cell transfusion requirement of less than a 
couple of units per month [181]. Evidence based guidelines 
are being formulated by the American Society of 
Hematology and the American Society of Clinical Oncology 
which should help clarify some of these outstanding issues. 
A recent report of pure red-cell aplasia and anti- 
erythropoietin antibodies in 13 patients treated with 
recombinant erythropoeitin is alarming but should be 
considered against the estimated 3 million patients 
worldwide who currently receive erythropoietin [182]. 6 of 
these 13 patients recovered some endogenous erythropoeitin 
function with cessation of the recombinant erythropoietin 
therapy. The long acting formulation, darbepoctin alfa, can 
be administered weekly instead of the conventional twice or 
thrice weekly regimen and should prove useful in the clinic. 

Randomized controlled studies support the use of G-CSF 
to limit the interval of neutropaenia and neutropaenia 
associated febrile episodes following chemotherapy and bone 
marrow transplantation, but without a survival advantage 
from its use. There is also no clear evidence that G-CSF 
stimulates early re-growth of the malignant clone at the 
doses and schedules that are currently used in clinical 
practice, but concerns linger particularly with its use in 
neutropaenia associated with MDS [183]. The use of G-CSF 
in mobilizing haemopoeitic stem cells for peripheral 
collection has greatly benefited bone marrow transplantation. 

Two forms of thrombopoietin have entered clinical trials. 
rhTPO is a recombinant protein of the native molecule and 
PF.G-rHuMGDF (megakaryocyte growth and differentiation 
factor) is a PEGylated recombinant protein of a truncated 
version. Several clinical trials have demonstrated early 
platelet recovery associated with the administration of 
thrombopoietin a few days prior to nonablative 
myelosuppressive treatments but appears to be less effective 
in stem cell transplantation where the need for early ptatetet 
recovery is greater (reviewed in [184]). The early report of 
the development of neutralizing anti-TPO antibodies 
following the administration of PEG-rHuMGDF to normal 
platelet phoresis volunteers has been followed by a report of 
pancytopaenia associated with anti-TPO antibodies after 
multicycle chemotherapy supported by MGDF in a patient 
with ovarian carcinoma [185]. 

Stem cell factor is currently marketed for use in 
conjunction with G-CSF to mobilize peripheral 
haemopoeitic stem cells but other clinical applications for its 
use are being explored. The allergic reactions associated with 
mast cell degranulation and melanocyte proliferation at the 
site of injection have tempered its use but SCF analogs 
without these deleterious effects are under development. 
Both TPO and SCF are used in the various cytokine 
combinations that arc under investigation in the ex-vivo 
expansion of transplantable slcm cells (reviewed in [1 86]). 

There is increasing evidence of the complexity of growth 
factor actions. GM CSF may promote myocardial coronary 
collateral formation, and play roles in macrophage 
metabolism within atherosclerotic lesions [IS7]. As this, 
and related agents undergo further evaluation, their wide- 
ranging activities may have implications far beyond their 
initial application, and may again provide examples of 
convergence between the fields of haemaiology and 
cardiology. 
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NOVEL AND EMERGING THERAPIES FOR THE 
COMMON CHRONIC H AE M ATOP ATHOLO Gl E S 

Haemophilia 

The sex-linked inheritance of Haemophilia A and 
Haemophilia B, was recognized in the 19 lb century but its 
distinction not made till 1952. With advances in plasma 
fractionation and chromatography, increasingly pure 
preparations of Factor V1H and IX have gradually replaced 
fresh frozen plasma and cryoprecipitate in the treatment and 
prophylaxis of bleeding associated with haemophilia. In 
countries that can afford the high cost, recombinant Factor 
VIII and IX therapy is gradually replacing plasma derived 
preparations as the standard, in the treatment of newly 
diagnosed cases of haemophilia. Recombinant Factor Vila is 
licensed for use in patients with haemophilia who develop 
inhibitors to factors VIII or IX and has also proved useful in 
stemming haemorrhage in massively iransfused non- 
haemophilia patients. 

Haemophilia B is an attractive model for gene therapy. 
The clinical phenotype can be altered by circulating levels of 
factor IX >1%, which accommodates the low expression 
observed with most gene therapy models. Furthermore, the 
gene and protein are well characterized and there are animal 
models for the disease. The commencement of a clinical trial 
using a liver directed adeno associated virus (AAV)/human 
factor IX construct in patients with haemophilia B is a 
landmark in gene therapy [188], It is hoped that the 
development of factor IX inhibitors will be no greater than 
in recipients of plasma derived or recombinant factor IX. 

Thalassaemia and Sickle Cell Anaemia 

The tertiary and quaternary structure of haemoglobin and 
its relevance in a number of heritable disorders such as sickle 
cell anaemia and thalassaemia have been known since the 
1940*s and 50*s but with the exception of prenatal testing 
and the use of iron chelation therapy, few advances have been 
made which benefit the majority [189]. The secondary iron 
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overload associated with chronic transfusion therapy in 
severe thalassaemia and sickle cell anemia can be reversed by 
the prolonged administration of subcutaneous or intravenous 
deferoxamine (DFO) although long term compliance is 
difficult to maintain. Protocols for alternate regimens to 
improve patient compliance are under investigation and a 
report that twice daily SC injection achieves the same 
urinary clearance as does prolonged SC infusion is 
encouraging [190]. Although Deferiprone, an oral iron 
chelator is superior to erratic compliance with parenteral 
DFO or no therapy at all, it is an inefficient chelator and its 
association with agranulocytosis mandates regular blood 
count monitoring with its use [191]. A phase II study of 
another oral iron chelator ICL670 is now complete and this 
promising drug- will soon enter a mulricenter randomized 
phase III trial to compare its performance against parenteral 
DFO. 

Primary surveillance for the prevention of strokes in 
sickle cell anemia using trans-cranial Doppler (TCD) to 
commence regular blood transfusion in those at risk, is of 
proven value. Whether hydroxyurea, which increases 
circulating HbF levels and reduces painful crises in sickle 
cell anaemia, is a viable alternative to regular blood 
transfusion as a stroke prophylactic in a subset of patients, 
remains to be tested. 

NOVEL AND EMERGING THERAPIES USING STEM 
CELLS IN CARDIOLOGY AND HAEMATOLOCY 

The rejection of transplanted tissue remains a major 
hurdle to the wider application of allogeneic haemopoeitic 
stem cell transplantation. Therapeutic cloning or nuclear 
transfer technology involves the transfer of differentiated 
recipient nuclei into a donor blastocyst with the express 
purpose of developing and harvesting embryonic stem cells 
that can be cultured ex-vivo to generate tissues expressing 
recipient histocompatibility antigens. The coupling of gene 
transfer technology to therapeutic cloning can, in theory, 
permit the transplantation of engineered stem cells to correct 



Table 1. Innovative Technologies and their Overlapping Applications in Cardiology and Haematology 



Technology 


Current applications in cardiology 


Current applications in hacmutology 


Gene transfer 


Restenosis 


Haemophilia B 




llypcriipidemias 


Severe Combined Immunodeficiency (SCID) 




Heart Failure 






Hypertension 




Gene modification 


Restenosis (Ribozyme, DNA/yme, Decoys) 
Vein graft patency (Decoys) 


Lymphoma (anti-bcl-2 mRNA oligonucleotides (G31 39) 


Anti -proliferative drugs 
with molecular targets 


Restenosis (Sirolimus, pacliiaxcl) 
Post transplant vusculopathy (Sirolimus) 


Chronic myeloid leukaemia (Imatinib 1 ) 
Multiple myeloma (SAHA 2 , Bortczomib 3 ), 
Non-Hodgkin lymphoma (SAHA 2 , Bortczomih 3 ) 
Chronic lymphocytic leukaemia (Bor;czumib 3 ) 
Acute myeloid leukaemia (Tipifamib 4 ) 


Stem cell technology 


Heart Failure (cellular cardiomyoplasty) 


Haematopoeisis (autologous/allogeneic haemopoeitic stem cells) 
SCID (yene transfer ;o autologous haemopoeitic stem cells) 



1 ryrosine kinase inhibitor; 2 h;stonc dcacctylasc inhibitor; 3 proteasomc inhibitor; 4 farnesyl transferase inhibitor 
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a number of single gene haematological disorders [192]. Ex- 
vivo gene transfer to autologous haemopoeitic stem cells 
could achieve the same end but would require a high rate of 
transfectipn and protein expression to be clinically 
meaningful. A recent report of ex-vivo gene transfer of the 
deficient y c chain to cure X-linkcd severe combined 
immunodeficiency was very encouraging [193]. However 
this and other related gene transfer programmes have been 
temporarily halted owing to the unfortunate development of 
T cell leukaemia in one of ten patients in the French trial 
[194]. This has been ascribed to the retroviral vector, the 
mouse Moloney leukemia virus, used in this study causing 
an insertional mutagenesis event in the host genome. Given 
the intense public debate surrounding the use of therapeutic 
cloning in research, it is clear that there are many scientific 
and ethical hurdles that need to be overcome before 
therapeutic cloning enters clinical practice. The use of 
embryonic stem cells to regenerate damaged tissue holds 
promise but is an application still in its infancy. 

Analogous studies which again demonstrate the 
convergence between haematology and cardiology 
treatments, have used adult rat bone marrow haemopoietic 
stem cells and mesenchymal cells and demonstrated 
repopularion of infarcted rat myocardium. These ceils 
differentiate into both cardiomyocyte and new blood vessels 
within myocardial tissue, suggesting that so-called cellular 
cardiomyoplasty (CCM) might be feasible, and is currently 
an area of intense research interest [195], 

CONCLUSION 

As the extent of the biological complexity of cell growth 
and regulation is understood, the unbridled enthusiasm at 
the dawn of the niolccular era has now been tempered by a 
sense of reality. From current evidence, it is likely that 
many drugs under development that target a particular 
molecular defect may prove ineffective alone and will 
probably need to be used in combination with cytotoxics in 
current use to achieve disease remission. The production and 
marketing of drugs is a time consuming and expensive 
exercise. Commerce and market forces, not altruism, drive 
the pharmaceutical industry, ft is therefore a reality that 
unless the number of potential consumers that can afford the 
drug reaches a critical mass, many worthy candidate drugs 
will not and cannot be championed by the pharmaceutical 
industry alone. This reality led the U.S. Food and Drug 
Administration to create the Office of Orphan Products 
Development in 1982 to administer the provisions of the 
Orphan Drug Act and the Orphan Products Grants Program 
which provide incentives for sponsors to develop products 
for rare diseases. Similar programmes are in place in a 
number of other developed countries as well. 

Deciphering the human genome was not only a triumph 
for molecular biology but also a corridor to the immense 
power of computer science in the management and retrieval 
of biological data. The identification, analysis, comparison, 
prediction of structure and posttranslational modification of 
proteins has been greatly simplified by the availability of 
computer algorithms. But this is just the beginning. This 
wealth of information needs to be deciphered and form the 
basis for drug target identification, rational drug design, 
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prediction of drug toxicity, pharmacokinetics and 
pharmacodynamics. 
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Inhibition of Experimental Neointimal 
Hyperplasia and Thrombosis Depends on the 
Type of Vascular Injury and the Site 
of Drug Administration 

Campbell Rogers, MD; Morris J. Karnovsky, MB, BCh, DSc; Elazer R. Edelman. MD. PhD 

Background. Heparin inhibits vascular smooth muscle cell proliferation in ^.^^"dK 
neointimal hyperplasia after experimental arterial injury but has been ineffective in reduc mg 
restenosis. We examined how this discrepancy might reflect suboptimal drug-tissue interactions 
differences in the vascular response to injury. ..... . „„rh*n fl rin to injured 

Methods and Results. Intravenous infusion was compared with local administration^ ° • *?i„T„e perivas- 
rabbit iliac arteries either from drug-impregnated polymeric controlled release matrices in i v ^ 
cular space or from drug-releasing endovascular stents. Occlusive thrombosis, seen in 4- ^ 
stent-bearing arteries, and partial thrombosis were virtually eliminated by J«P«" ten , by 

route. Intimal area 14 days after balloon withdrawal denudation alone was reduced to > n ^ ua J ovascular 
continuous systemic heparin or by perivascular heparin for the first 3 days. In continuous 
stents produced more exuberant neointimal hyperplasia, the inhibition of which ^ 
rather than only early heparin administration. Neither perivascular delivery limited to tne nrsi 
stent-based delivery reduced neointimal hyperplasia as effectively. denending on 

Conclusions. The antiproliferative and antithrombotic effects of heparin differ ra »™^V a ^ require 
the type of arterial injury and the mode of drug administration. Different forms of " J erp , asia 
different therapies, and complications of arterial intervention such as excessive '" a ' 7/ J^er 
and thrombosis may demand alternate therapeutic regimens. Duration, dose, and site oi oe , ^ 
than frank resistance to therapy may explain why experimentally effective antiproliferative 
tithrombotic agents fail clinically. (Circulation. 1993;88:1215-1221.) 
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Revascularization of obstructive atherosclerotic 
vessels induces thrombosis and neointimal hy- 
. perplasia, which in turn cause recurrent lumi- 
nal narrowing. This process is so severe as to require 
additional intervention in 30% to 40% of coronary 
arteries after balloon angioplasty and in over 60% of 
aortocoronary saphenous vein bypass grafts within 5 
years after surgery. 1 * 3 The lesions in these diseases are 
composed primarily of vascular smooth muscle cells 
(SMC) and extracellular matrix, and efforts to limit 
neointimal hyperplasia have focused on a diverse set of 
compounds that inhibit SMC growth and thrombosis in 
tissue culture and in animal models of acute arterial 
injury. 4 10 With most compounds, however, translation 
of experimental success to clinical use aimed at inhibit- 
ing restenosis has failed. 11 * 21 

Heparin, independent of anticoagulant properties, 
inhibits SMC proliferation in tissue culture 5 * 22 as well as 
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- after the more chronic and severe injury of endovascu- 
lar stents. These results may help explain the numerous 
clinical failures of experimentally effective regimens 
aimed at limiting restenosis. 

Methods 

Animal Care and Surgical Procedure 

Twenty-five New Zealand White rabbits (Millbrook 
Farm Breeding Labs, Amherst, Mass) of either sex 
weighing 3.5 to 4 kg, were housed in individual ^mesh 
cages and maintained on rabbit chow and water. Begin- 
ning 1 day before surgery, aspirin (0.07 mg/mL, Sigma, 
St Louis, Mo) was added to drinking water for an 
approximate daily dose of 5 mg/kg. 

Anesthesia was achieved with an intramuscular injec- 
tion of ketamine (35 mg/kg, Aveco Co Fort ^ Dodge, 
Iowa), followed by intravenous sodium Nembutal (AO- 
bott Laboratories, North Chicago, 111) 4 mg/kg via a 
marginal ear vein. All animals received a single intrave- 
nous bolus of heparin (100 U/kg, Elkms-Sinn Inc 
Cherry Hill, NJ) at the time of surgery. Animals were 
mamtained on a wanning blanket throughout surgery 
and recovery. Both femoral arteries were exposed and 
ligated, and catheters passed via artenotomy. The en- 
dothelium of the iliac arteries was denuded with 3F 
balloon embolectomy catheter (Baxter ^Healthca e 
Corp, Edwards Division, Santa Ana, Calif),.mfla ed in 
the abdominal aorta, and withdrawn three times to the 
femoral artery. Six animals received no further arterial 
manipulation (balloon group). In another group of 9 
animals, a stainless steel slotted-tube stent, 7 mm in 
length, was inflated within each iliac artery (stent 
group). Each stent was mounted on a 3-mm angioplasty 
balloon (Advanced Cardiovascular Systems Inc, Santa 
Clara, Calif) and expanded with a steady 15-second 
inflation at 10 atm pressure. The arteries had approxi- 
mate diameters of 2 5 mm, for a balloon stent to artery 
ratio of 1.2:1. 

Heparin Administration 

' Ethylene-vinyl acetate copolymer (EV Ac) matrices, 
33% loaded with heparin (Choay heparin 1453, 12 0UU 
to 18 000 DA, USP 160 U/mg, Paris) were prepared 
previously described." Matrices (10x5x mm) were 
Lered with either two or six coats of EVAc. and two 
20 -gauge or 27-gauge holes were bored at equal spac- 
ing* into one matrix face. In this manner heparin 
release was constrained to provide desired release ki- 
netics. Heparin release was measured in vitro by incu- 
Satlng either heparin-impregnated EVAc matrices or 
stents with ionically bound heparin in lactated Ringei 
solution at 37°C for 16 days. Aliquots of solution were 
sampled at regular intervals, and their heparin content 
was assayed using the metachromasia of Azure A (tisn- 
Ir Scientific Co. 8 Fairlawn, NJ) at 620 nm » g Because 
heparin release from EVAc matrices was e.ther highest 
after 2 days of incubation or was a PP roa ^'"g/ r te r S" 
state release, (depending on the number of EVA C coats 
and the size of the holes), matrices were incubated .u 
37'C in lactated Ringer's solution for 48 hours before 
implantation in vivo. . . 

In addition to the intraoperative bolus of heparin and 
daily oral aspirin, experimental groups received one ot 
the following- no additional treatment (12 arter.es in the 



stent group. 4 arteries in the balloon group); continuous 
left femoral intravenous infusion of heparin 0 3 
me • kg' 1 • h' 1 via an osmotic pump (Alza Corp, Palo 
Alto Calif) (4 arteries in the stent group, 4 arteries in 
the balloon group); controlled release of heparin from 
an EVAc matrix placed under the inguinal ligament and 
positioned in the perivascular space directly adjacent to 
The balloon-injured arteries (4) or stent-bearing arteries 
flOV or elution of heparin from an intra-artenal metal 
stent (12 arteries). Activated partial thromboplastin 
times (aPTT) were measured using a desktop analyzer 
(Ciba-Corning Diagnostics Corp, Oberlin, Ohio) at the 
time of procedure, 7 days later, and at the time the 
animals were killed. 

Tissue Processing 

Arteries were harvested 14 days after surgery. After a 
lethal intravenous injection of sodium Nembutal, infe- 
rior vena caval exsanguination, and 100 mm Hg pressure 
infusion of lactated Ringed solution via left ventricular 
puncture, the iliac arteries were excised and fixed in 
Camoy's solution (60% methanol, 30% chloroform, 
10% glacial acetic acid). . 

Nonstented arterial segments were embedded in par- 
affin and cut in 6-p.m cross sections Stent-bearing 
arterial segments were isolated, oriented for proximal 
and distal ends, and embedded in K-Plast (Medim 
America Ltd, Wilmington, Del). Four to eight 5-^m 
■ arterial cross sections were then cut with a tungsten 
carbide knife from three sites along each stent: proximal 
end, middle, and distal end. This allowed integration; f 
histological observations over the entire length of each 
fSTSLiinizing sampling error. Metal stent sections 
were not removed from the arteries before embedding. 
All sections were stained with VerhoefFs tissue elastin 

'^Intimal cross-sectional area was determined by means 
of computer-assisted digital planimetry. The extent of 
deep arterial injury caused by stent wires was qua* ufed 
using the method of Schwartz et al » The antuhrom 
botic efficacy of various heparin regimens ^as compared 
by contrasting b6th the frequency of complete stent 
Srombosis aswell as the percent of the cross-secnonal 
circumference of patent stent-bearing Jrterjeswj^ 
with laminar thrombus (measured on histological sec 
tions with computer-aided planimetry). 

Statistics ^ „ . . , 

All data are presented as the ™ean±SE StaMtKal 
analysis comparing treatment groups used a nonpaired 
test. Values otP<J0S were considered significant. 

Results 

Heparin Release Rates _ 
Ethylene-vinyl acetate copolymer matrix slabs were 
constructed ^release heparin with either rapid 
order or more prolonged near-zero order <™ 
1). Matrix rectangles with two copolymer coats and ^ 
20-gauge holes released heparin in a first-order manner 
with a peak rate of 50.6±4.6 Mg/h after 60 hourt 
incubatfon. Because all matrices were incubated for ^ 
hours before in vivo implantation, th s firs t mit 
formulation provided peak heparm ele se tt to 
after insertion into experimental animals, wun 
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DAYS OF INCUBATION 

FlG 1. Graph shows heparin release rates in vitro in lac ta ted 
Ringer's solution at 37 °C from osmotic minipumps (closed 
squares) or polymeric hepar in-impregnated matrices (open 
and closed circles). Matrices were constructed to release 
heparin primarily early during incubation (closed circles) or in 
a continuous fashion over 14 days (open circles). Each 
method was subsequently applied for heparin delivery to rabbit 
iliac arteries in vivo, pumps for intravenous infusion, and 
polymeric matrices for controlled perivascular delivery. Be- 
fore in vivo use, pumps were incubated in lactated Ringer's 
solution at 37 °C for 6 hours and matrices for 2 days. 

release after the third in vivo day. More prolonged- 
release kinetics were obtained by applying six copoly- 
mer coats and constraining release to two smaller 
27-gauge holes. This matrix formulation released hep- 
arin more gradually, reaching near-zero order kinetics 
(heparin release rates were between 13.4±1.4 and 
15.2 ±0.6 Mg/h) after the first 5 days. Again, because of 
48 hours of preincubation before in vivo use, this second 
matrix formulation provided an increasing heparin re- 
lease rate for the first 3 in vivo days, with steady-state 
release thereafter. Ionically bound heparin was released 
from metal stents at a rate of 1.0 £ig/h for the first day, 
rapidly declining to a steady-state release rate of 
0.3±0.1 figlh for the ensuing days. Osmotic pumps 
delivered heparin at 300±6 jxg*kg~ l, h~ l (Fig 1), as 
determined by manufacturer's specifications and con- 
firmed by determination of pump residual volumes at 
the completion of experiments. 
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FlG 2. Bar graph shows incidence of complete luminal 
thrombosis in rabbit iliac arteries 14 days after balloon 
withdrawal denudation followed by endovascular stent place- 
ment. Treated groups received heparin via intravenous infu- 
sion, from the stent itself or from drug-impregnated matrices 
placed adjacent to the adventitia of stent-bearing arteries. 
Matrices were incubated in vitro for 2 days before placement 
and provided heparin release either early (ie, primarily for the 
first 3 days after placement) or continuously over 14 days. 
Probability values reflect comparison with untreated controls. 

Anticoagulation and Thrombosis 

Activated partial thromboplastin times were mea- 
sured in animals before surgery and at 7 and 14 days. 
Continuous intravenous heparin infusion prolonged the 
aPTT to at least two times control in each animal at 7 
and 14 days. There was no prolongation of the aPTT by 
either perivascular or stent-released heparin in any 
animal at any time point. 

Complete thrombosis at 14 days was observed in 42% 
of the arteries in animals receiving a single intravenous 
bolus of heparin at the time of stent placement and oral 
aspirin continuously (see Table and Fig 2). All forms of 
heparin administration reduced thrombosis in stent- 
bearing arteries. Only 8% of arteries implanted with 
stents releasing heparin demonstrated complete throm- 
bosis (P<.004), whereas heparin delivered either intra- 
venously or ipto the perivascular space completely elim- 
inated occlusive thrombosis (see Table and Fig 2). As a 
measure of pfartial thrombosis, the percent of arterial 
circumference covered with laminar thrombus on histo- 



AatithromboUc and Antiproliferative Effects of Different Modes of Heparin Delivery on Rabbit Iliac Arteries 14 
Days After Vascular Injury 



Intima (mm 2 ) 



Thrombosis 



Heparin 


Balloon 


Stent 


Injury score 


Complete 


Partial 


None 


0.26±0.03 


1.15±0.11 


0.56±0.07 


42% 


29±6% 


Intravenous 


0.12±0.03 


0,41 ±0.05 


0.54±0.02 


0% 


0±0% 




(/><.03) 


(/><.002) 




(P<M) 


(/><.04) 


Perivascular 


0.11 ±0.03 


0.82±0.08 


0.50±0.08 


0% 


14±5% 


(early) 


(/><.03) 


(?<.03) 




(/><.0007) 


(?<.03) 


Perivascular 




0.52 ±0.08 


0.55±0.14 


0% 


12±4% 


(continuous) 




(P<.006) 




(/ , <.04) 


(P<.04) 


Stent-based 




1.09±0.11 


0.63 ±0.07 


8% 


17±4% 






(P=NS) 




(/><.004) 


(?<.05) 



Injury was caused by balloon withdrawal denudation alone (balloon) or with accompanying endovascular stent 
placement (stent). Probability values reflect comparison with control animals receiving no postprocedure heparin. 
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FIG 3 Bar graph shows cross-sectional intimal area 14 days 
after balloon ' Jthdrawal denudation of rabbit iliac ar^ 
Treated groups received heparin either via continuous intra- 
venl Uusion or from drug-impregnated nu*n~£c* 
adjacent to the adventitia of injured arteries providing heparin 
release primarily for the first 3 days after placemen t.Poba 
bility values reflect comparison with untreated controls. 

logical cross section was calculated for each group. All 
modes of heparin delivery reduced partial mural i throm 
bosis: stent-released heparin reduced PJ^ffiSSS 
from 29+6% to 17 ±4%; intravenous heparin infusion 
Snatld partial thrombosis altogether (0±0%); . and 
eariy or continuous perivascular hepann reduced partial 
thrombosis to 14*5% or 12±4%, res P« Ct ^ c ( ^ 
for each heparin-treated group > compared w,th ^control, 
F=NS between heparin-treated groups; see Table). 

Neointimal Hyperplasia . 

V/e compared heparin modulation of the arterial 
response ufacute in^ry (balloon withdrawal wnh en- 
dothelial denudation) with the effect of iep«m on the 
more chronic and severe injury imposed by _th , place 
ment of metal stents within denuded arteries Fourteen 
days after balloon injury alone, a highly eel lu a. : neoint- 
Ja had formed, separating the internal elastic lamina 
from the lumen. Intimal cross-sectional area was 
0 26-0 03 mm 1 (see Table and Fig 3). Heparin after 
balkTon injury was equally effective at inhibiting neoint- 
SThyperplasia whether delivered via continuous n- 
™eno^s?nfusion for 14 days or via controH^ penv s- 
cular release from EVAc matrices providing local 
delivery of much lower doses primarily f ?U 0 03 mm* 
days (see Table and Fig 3; intimal areas O.n^ mm 
or 0.11*0.03 mm=, respectively; P<-03 
pared with controls). The degree of >^iiMnofnec«nt 
imal hyperplasia, expressed as the percent reduction n 
intravenoSy or locally treated groups compared with 
un mated controls, was 54% or 57%. respectively Fur- 
thermore, balloon withdrawal alone resulted m no 
disruption of the internal elastic lamina. 

The placement of an endovascular me al st nt in- 
duced an intimal response more : thar .fourfold I grea er 
than balloon withdrawal alone (see Tabl s and F.gs 4 
and 5A- intimal area, 1.15±0.11 mm"). Heparin was 
delivered by way of intravenous osmotic pump infusion, 
fntra- teSl heparin-bound stent implants, or heparin- 
impregnated polymeric matrices deployed .n the 
perivascular space Intimal area after intravenous del.v- 



FIG4 Bar graph shows cross-sectional intimal area 14 days 
after balloon withdrawal denudation followed by endovascu- 
1 stent placement in rabbit iliac arteries. Treated ^ups 
received heparin either via intravenous infusion or from the 
stent itself or from matrices placed adjacent to the adventitia 
of tent-bearing arteries. Matrices were incubated in vitro or 
Ydays before placement and provided heparin delivery eiher 
earfy (ie primarily for the first 3 days after placement) or 
continuously over 14 days. 'Compared with untreated con- 
trols; "compared with early perivascular delivery. 

erv was 0.41-0.05 mm J . a 64% reduction compared 
wUh Rented controls (P<.002; see Table and F.gs 4 and 
5B) Stent-based release of heparin had no signrfcant 

5>< 03 Lmparedwith controls; /><. 02 compared with 

Sm»- P< 006 compared with stented controls andP<.03 
Soared I wUh early perivascular heparin treatment 
Sc Wely see Table and Figs 4 and 5E). Stent-based 
SS?3eS was ineffective, and perivascular hepa- 
v P h„ Lprv for onlv 3 days after stent placement less 

K^^^^oJ^^ 0 ^ 01 P erivascular 
Sry a? reducSg intimal hyperplasia, desp.te near 

complel eliminay of s«« . u J3 

group (Table). , 

Discussion 

Heoarin inhibited thrombosis regardless of the 
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FIG 5. Photomicrographs of rabbit iliac arterial cross sections 14 days after balloon withdrawal denudation followed by 
endovascular stent placement A, Control; B, receiving continuous intravenous heparin; C, receiving heparin released from the stent 
itself; D, receiving heparin delivered into the perivascular space for the first 3 days after injury; or E, receiving heparin delivered 
into* the perivascular space continuously for 14 days. Neointimal hyperplasia separates the stent wires (black rectangles) and 
internal elastic laminae (arrows) from the lumina. Open space around wires is an artifact of sectioning. Original magnification 
x 400; stained with Verhoeffs tissue elastin stain. 



intravenous infusion or continuous local perivascular 
release reduced stent-induced neointimal hyperplasia 
by 64% and 54%, respectively. 

In arteries subjected to a single superficial acute 
injury (balloon withdrawal denudation), deep mural 
injury was less common and neointimal hyperplasia was 
fourfold less extensive than after stent placement. Local 
perivascular delivery of heparin primarily over the first 
3 days after single acute vascular injury was as effective 
as continuous intravenous heparin for 14 days (reducing 
neointimal area by 54% and 57%, respectively). These 
data confirm an earlier report that after rat carotid 
artery denudation, 3 or 7 days of intravenous heparin 
reduced SMC growth fraction, migration, and accumu- 
lation as effectively as more prolonged administration. 34 
In contrast, our data show that after endovascular stent 
placement, 3 days of local heparin delivery was mark- 
edly less effective than either continuous intravenous 
dosing or continuous local perivascular release at limit- 
ing neointimal growth. 

Stent Thrombosis and Intimal Hyperplasia 

Clinical coronary arterial stent placement has been 
complicated by both early thrombosis and subsequent 
neointimal hyperplasia leading to restenosis. 30 - 31 J *- 37 
Extremely potent antithrombotic regimens including 
antiplatelet, anticoagulant, and thrombolytic agents 
have been used to reduce the rate of clinically recog- 
nized acute thrombosis from 24% to 39% 30 - 37 to less 
than 3%. 31 - 36 Not unexpectedly, these regimens have 
been associated with a high incidence of vascular com- 
plications occurring in up to 16% of patients. 36 

A direct link has been proposed between thrombosis 
and neointimal hyperplasia induced by stents in swine 
coronary arteries, 29 based on the observation that sys- 
temic administration of anticoagulant heparin reduced 
neointimal hyperplasia after stent placement in a simi- 
lar model. 38 In carotid or coronary arteries of swine 
treated with aspirin, however, heparin released from 
metal stents neither significantly reduced thrombosis 
nor limited intimal response, although the incidence of 
thrombosis in control animals was low.* 4 - 25 Moreover, 
although heparin in conjunction with other antiplatelet 
and anticoagulant drugs after human coronary stenting 
has virtually eliminated thrombosis, angiographic reste- 
nosis rates of 25% to 32% have persisted in clinical 



trials. 30 - 31 * 36 Our data show that although heparin regi- 
mens that curtailed thrombosis such as continuous 
intravenous or perivascular delivery also greatly limited 
neointimal hyperplasia, other regimens such as stent- 
released heparin or early postprocedure perivascular 
heparin reduced both partial and complete thrombosis 
at 14 days but had little to no effect on neointimal 
hyperplasia. The relation between these two aspects of 
stent-induced arterial injury remains to be fully 
delineated. 

Type of Vascular Injury Dictates Antiproliferative 
Effects of Heparin 

Endothelial denudation in experimental animals has 
long been used as a model of vascular response to 
injury. Elucidation of the cellular responses and growth 
regulation after such injury has allowed identification of 
diverse compounds capable of inhibiting neointimal 
hyperplasia after arterial damage. 4 - 6 * 10 Paradoxically, 
clinical investigations with these compounds after cor- 
onary interventions have failed to demonstrate benefi- 
cial reduction in restenosis. 1121 Our data show that two 
different models of experimental vascular injury within 
the same animal arterial system respond quite differ- 
ently to arv agent with known and well-characterized 
antiproliferative activity. 

Experimental endovascular stent placement is associ- 
ated with more severe arterial damage and includes a 
more prolonged phase of intimal SMC proliferation 
than is seen after balloon withdrawal injury alone. 39 - 40 
The number of proliferating SMC, identified by incor- 
poration of bromodeoxyuridine or 3 H-thymidine, is 
highest in the first week after either balloon injury or 
stent placement and virtually ceases within 14 days of 
balloon denudation but continues at high levels for 
greater than 28 days after stent placement. 39 41 The 
fourfold increase in neointimal hyperplasia observed 
when endovascular stents were added to balloon-in- 
jured arteries may reflect a more extensive initial injury 
to the arterial wall 33 or a more chronic stimulus for 
proliferation related to the presence of the indwelling 
stent itself. 

Others have also reported that local luminal heparin 
delivery via perforated perfusion balloons or from metal 
stents does not inhibit neointimal hyperplasia after 
experimental vascular injury. 24 ' 26 Our data show that 
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local delivery of heparin to the adventitial surface but 
not to the luminal surface of stent-bearing arteries can 
reduce neointimal hyperplasia as effectively as systemic 
dosing. The failure of other methods of local heparin 
delivery may reflect differences in the biological activity 
of the heparin used, differences in the site of drug 
application (lumen vs adventitia), differences in the 
local concentrations of heparin achieved, or differences 
in the form of arterial injury (additional damage with a 
perfusion balloon vs single balloon injury vs primary 
stent deployment) rather than biological resistance to 
local heparin treatment. More chronic and severe arte- 
rial damage demands more prolonged administration of 
an antiproliferative agent to inhibit neointimal hyper- 
plasia than does single denuding arterial injury. 

The results in this study further highlight the diver- 
gence of human atherosclerosis and restenosis from 
animal models of acute arterial injury. The clinical 
failure of agents antiproliferative in some animal mod- 
els may reflect differences in the extent of injury and/or 
differences between an otherwise normal, acutely in- 
jured blood vessel and an atherosclerotic vessel sub- 
jected to angioplasty or other manipulation. The tran- 
sition from tissue culture and animal studies to human 
trials may be enhanced by further elucidation of the 
biological mechanisms that determine growth after se- 
vere or prolonged vascular insults. 

Study Limitations f 

The site, duration, and amount of heparin delivered 
dictated the drug's modulation of thrombosis and 
neointimal hyperplasia after superficial acute or deeper 
chronic injury. We have not yet measured orlbcalized 
the deposition of exogenous heparin within the arterial 
wall or correlated the distribution of drug with its 
biological effects. Measurement and localization of hep- 
arin in vivo are difficult because of heparin's high 
solubility and rapid degradation into smaller oligomers 
of varying biological activities. These issues are under- 
going active investigation in our laboratory. The amount 
of heparin delivered from stents was small although 
adequate to reduce thrombosis: Stent-based heparin 
release provided only 2% the dose of heparin provided 
by perivascular matrix-based heparin delivery. The de- 
livery of higher doses for longer periods of time might 
produce different results. 

Future Directions 

The accurate transition from experimental models of 
vascular injury to clinical reduction in accelerated arte- 
riopathies may be limited by differences in the biology 
of animal models and human disease, differential re- 
sponses of various components of vascular repair, and 
dissimilarities between human atherosclerotic arteries 
and normal vessels of the laboratory animal. We believe 
that an additional explanation may lie in the methods 
used to deliver agents and in the failure of clinical trials 
to adequately extrapolate experimental tissue culture 
and animal data to human use, rendering the broad 
application of negative conclusions from such clinical 
trials unwarranted. The extent of experimental neoint- 
imal hyperplasia and the response to an antiprolifera- 
tive agent, heparin, differs significantly between arteries 
subjected to a single acute injury and arteries subjected 
to more prolonged and severe injury. The latter model 



may be more akin to clinical coronary arterial instru- 
mentation, characterized by deep intimal and medial 
disruption. Future clinical studies of experimentally . 
effective antiproliferative therapies will need to address 
duration and degree of drug-tissue interaction in light of 
the duration and degree of the vascular response to 
injury before such compounds are deemed ineffective at 
limiting human restenosis. 
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Abstract 



Cross-reactivity with integrins other than glycoprotein Ilb/IIIa (GP Ilb/IIIa) is discussed as a potential reason for the overall clinical 
benefits of the GP Hb/IIIa-blocking antibody-fragment abciximab. We evaluated whether abciximab binds to the leukocyte integrin Mac-1 , 
whether it inhibits binding of the distinct ligands and thereby may modulate inflammation, cell proliferation and coagulation. 

Binding of fluorescence-labelled abciximab to phorbolmyristate acetate-stimulated monocytes and to a monocytic cell line (THP-1) could 
be detected in flow cytometry. The binding of fibrinogen, the inactivated complement factor 3b (iC3b), and the coagulation factor X to Mac-1 
could be inhibited by abciximab (10 ng/ml) in vitro. As a functional consequence, the conversion of factor X to factor Xa mediated by Mac-1, 
as detected by the cbsemogenic substrate SZ-2222, was impaired by abciximab. Adhesion of THP-1 cells to immobilized intercellular 
adhesion molecule 1 (ICAM-1) and to fibrinogen was reduced significantly by abciximab. Fibrinogen-mediated cell aggregation was also 
impaired. 

In conclusion, we describe binding of abciximab to Mac-1 on stimulated monocytes. Thereby, abciximab inhibits binding of the ligands 
fibrinogen, ICAM-1, iC3b and factor X. Furthermore, we demonstrated that Mac-1 -dependent conversion from factor X to factor Xa is 
impaired by abciximab, arguing for the direct modulation of the coagulation cascade by abciximab. Overall, the inhibition of Mac-1 could 
provide additional clinical benefits of abciximab beyond the well-described blockade of GP Ilb/IIIa. 
© 2002 Elsevier Science Ltd. All rights reserved. 

Keywords: Platelet aggregation inhibitors; Cell adhesion molecules; Leukocytes; Fibrinogen 



1. Introduction 

Adhesion molecules, particularly the integrin family, play 
a crucial role in vascular biology by mediating cell -cell and 
cell-matrix adhesion as well as by binding soluble ligands. 
The therapeutic blockade of the platelet integrin glycoprotein 
Ilb/IIIa (GP Ilb/IIIa) has evolved as a successful pharmaco- 
logical approach in acute coronary syndromes and percuta- 
neous coronary intervention. Various GP Ilb/IIIa-blocking 
agents have been developed. The molecular basis of these 
blocking agents are either monoclonal antibodies (e.g. abcix- 
imab), ligand mimetic peptides (e.g. eptifibatide), or syn- 
thetic ligand mimetics (e.g. tirofiban) [1,2]. These agents vary 
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in pharmacological properties such as receptor affinity and 
receptor specificity [3,4]. Until now, the most widely tested 
GP Ilb/IIIa-blocking agent is the human/mouse chimeric 
monoclonal antibody (mAb) fragment abciximab. Reduction 
of mortality up to 60% has been reported and the overall long- 
term reduction of mortality in all abciximab trials is about 
35% [5,6]. 

While the cross-inhibition , of the vitronectin receptor 
(a v p 3 ) by abciximab is generally accepted [7], the inhibition 
of the leukocyte receptor Mac-1 (ctMfo) by abciximab and 
the potential role of this inhibition are still discussed con- 
troversially [8-12]. Altieri et al. [13] demonstrated binding 
of the original IgG of 7E3 to Mac-1 on a monocytic cell line 
using radioactive labelling and Simon et al. [14] demon- 
strated the binding of abciximab to Mac-1 -expressing mono- 
cytic cells and the inhibition of adhesion to immobilized 
fibrinogen and intercellular adhesion molecule 1 (ICAM-1). 

To further elucidate the potential effects of abciximab on 
the Mac-1 receptor, the binding of additional ligands, such as 
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factor X and inactivated complement factor 3b (iC3b) and its 
inhibition by abciximab were investigated. Furthermore, we 
demonstrated modulation of factor X activation and thus 
modulation of the coagulation cascade by abciximab. 



2. Materials and methods 

2.1. Cells 

The monocytic cell lines THP-1 and U937 were obtained 
from the tumor cell bank of the German Cancer Research 
Center (DKFZ, Heidelberg). The cells were maintained in 
RPMI 1640 medium, containing 10% heat-inactivated fetal 
calf serum, 2 mmol L-glutamine and 100 U/ml penicillin and 
100 ug/ml streptomycin (all from Gibco). 

2.2. Antibodies and reagents 

The mouse/human chimeric Fab abciximab (c7E3) was 
purchased from Beiersdorf-Lilly. Abciximab was biotiny- 
Iated with BAC-SulfoNHS (Sigma) at a pH of 7.2, resulting 
in a biotin/protein ratio of 1.6. The fluorescein isothiocya- 
nate (FITC)-labelled polyclonal chicken anti- fibrinogen 
antibody was purchased from Biopool, the anti-CD lib 
(clone 44) mAb from Pharmingen, the anti-iC3b mAb from 
Biotrend and the secondary anti-Fab Ab from Immunotech. 
Anti-keyhole limpet mAb from Becton Dickinson was used 
as unspecific negative control. 

Factor X (Sigma) was labelled with FITC (Pierce) at a 
pH of 9.3. Phorbol 12-myristate 13 -acetate (PMA) for 
leukocyte stimulation, fibrinogen, /?-nitrophenylphosphate 
and Triton X was purchased from Sigma, the chromogenic 
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factor X substrate SZ-2222 from Chromo-genix and recom- 
binant soluble ICAM-1 from R&D Systems. 

2.3. Binding of abciximab, fibrinogen and factor X to 
monocytes 

Blood was collected by venipuncture with a 21 -gauge 
butterfly needle from healthy volunteers and anticoagulated 
with citric acid. Subsequently, incubation was performed 
with various concentrations of biotinylated abciximab, 
FITC-labelled polyclonal chicken anti-fibrinogen antibody 
or FITC-labelled factor X for 30 min at room temperature. If 
necessary, stimulation of cells was performed by the addi- 
tion of 100 nM PMA. After the addition of 4 ml of "FACS- 
Lysing" solution (Becton Dickinson), centrifugation was 
performed with 1000 rpm (Sorvall 6000) for 10 minutes. 
The pellet was resuspended in 300 ul Cellfix (Becton 
Dickinson) and analyzed on a FACScan (Becton Dick- 
inson). Monocytes were identified on the forward/sideward 
scatter. 

2.4. Detection of Mac- 1 -mediated factor X conversion 

Mac-1 expressing THP-1 cells were activated by addition 
of 100 nM PMA to the culture medium 12 h prior to starting 
the experiment. Cells were washed twice in modified Ty- 
rode's buffer and then incubated for 30 min at room temper- 
ature with factor X (I U/ml) in a 96-well plate, some in the 
presence of abciximab (20 ug/ml) or anti-Mac- 1 mAb (20 ug/ 
ml). Tyrode's buffer alone was used as negative control and 
factor Xa (1 U/ml) as positive control. Then, the chromogenic 
factor Xa substrate SZ-2222 (4 mM) was added. After 
another 1 0 min incubation at room temperature, the conver- 
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Fig. 1. Binding of abciximab to Mac-1. (A) Abciximab binding, as detected by flow cytometry with biotin-labelled abciximab to resting and PMA-stimulated 
monocytes. Depicted are mean fluorescence and standard error of the mean of three measurements. (B) Flow cytometry histogram of abciximab binding to 
PMA-activated monocytes, compared to the unspecific binding of a control antibody and after coincubation with a Mac-1 -blocking mAb. 
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sion of the factor Xa substrate was measured in an ELISA- 
Reader (Multiscan, Titerteck) using a 405-nm filter 

2.5. iC3b binding to monocytes 

Complement factor 3 (100 nM) was incubated overnight at 
room temperature. The conversion was started by addition of 



factor D (1 nM), factor B (5 nM) and 200 nM magnesium 
chloride and 30 min incubation at 37 °C. In a second step, 
factor H and factor I were added, and again, 30 min incuba- 
tion at 37 °C was performed. Citrated blood was centrifuged 
at 1 000 rpm for 1 0 min and the white fraction (buffy coat) was 
extracted. Cells were counted, diluted to 10000 leukocytes/ 
ml and washed twice in modified Tyrode's buffer. After 20 
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Fig. 2. Inhibition of ligand binding to Mac-] by abciximab. (a) Fibrinogen binding to resting and activated blood-monocytes at increasing concentrations of 
abciximab, as measured in flow cytometry with a FITC-labelled polyclonal chicken anti- fibrinogen antibody, (b) Flow cytometry histograms of factor X 
binding to resting and PMA-activated monocytes. The cells, which were coincubated with abciximab (10 Mg/ml), are depicted as white histograms, the cells 
without any addition as grey histograms, (c) iC3b binding to washed blood monocytes, as detected in flow cytometry using an ami-iC3b and a FITC-labelled 
anti-Fab-Fragment-specific antibody. Depicted are mean fluorescence and standard deviation of triplets. 
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min incubation with or without 10 ng/ml abciximab, 1 \i\ iC3 
solution was added to 50 ul cell solution and incubated for 20 
min. Lysis of remaining red blood cells and FACS (fluores- 
cence-activated cell scan)-analysis was performed as des- 
cribed above. 

2.6, Mac- 1 •mediated cell aggregation 

U937 cells were stimulated with 1 00 nM PMA overnight, 
washed twice in Tyrode's buffer, counted and diluted to 
100000 cells/ul. After incubation with abciximab (10 \ig/ 
ml) or no addition, fibrinogen solution to a final concentration 
of 3 g/1, or as negative control plain Tyrode's buffer, was 
added. Cells were then rotated 1 h at 100 rpm in a 6-welI plate. 

2.7. Adhesion ofl/937 cells to immobilized fibrinogen and 
ICAM-1 

A 96-well plate was incubated overnight at 4 °C with 
fibrinogen (10 ug/ml) or recombinant ICAM-1 in PBS. 
After this, wells were washed with PBS and 10 mg/ml 
BSA in PBS was added to block unspecific binding sites. 



After 1 h incubation at 4 °C, the wells were washed twice 
with PBS. Then, 100000 cells per well in Tyrode's buffer, 
partially preincubated with 20 ug/ml abciximab or anti- 
Mac-1 mAb, were added and incubated 1 h at 37 °C. A 
100-ul sample per well of Tyrode's buffer was then added 
and pipetted off twice cautiously to wash out nonadherent 
cells. To quantify the remaining adherent cells, the activity 
of the cell endogenous acid phosphatase was used by 
adding 100 ul of the following substrate/lysis solution to 
each well: 1% Triton X-100, 6 mg/ml p-nitrophenylphos- 
phate in 50 mM sodium acetate buffer at pH 5. The 
reaction was terminated after 1 h incubation at 37 °C by 
addition of 50 ul NaOH (1 M). Then, conversion of the 
acid phosphatase substrate was measured using an ELISA 
plate reader (Multiscan, Titerteck) with a 405-nm filter. 



3. Results 

Abciximab binding to monocytes can be directly dem- 
onstrated by flow cytometry. Half-maximal binding of 
abciximab to activated monocytes was achieved at con- 
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Fig. 3. (a) U937 cell aggregation in fibrinogen (3 g/1) solution, (b) U937 adhesion to immobilized fibrinogen, detected by the chromogenic endogenous acid 
phosphatase substrate p-nitrophenylphosphate. Depicted is the percentage of light absorption, in comparison to the control (mean value and standard deviation 
of three wells), (c) U937 adhesion to immobilized recombinant ICAM-1. Experimental procedures were performed as described in (b). 
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centrations between 0.1 and 1 ng/ml (Fig. 1A). Unstimu- 
lated monocytes did not bind abciximab. The specific 
binding to the adhesion molecule Mac-1 can be shown 
by the competition of binding to monocytes by a mAb that 
is specific for the ot-subunit of Mac-1 (ot M ). Preincubation 
with this Mac-1 -specific mAb inhibits abciximab binding 
to monocytes (Fig. IB). Thus, abciximab binds specifically 
to Mac-1 on monocytes. The same results were obtained 
with Mac-1 -expressing THP-1 cells (not shown), thus 
arguing against platelet-contaminating effects in the mono- 
cyte preparations. 

As a next step, we explored whether ligand binding to 
Mac-1 is influenced by abciximab. Monocytes were incu- 
bated with physiological concentrations of fibrinogen and 
with increasing concentrations of abciximab. Nonstimulated 
monocytes did not bind fibrinogen and the binding of 
fibrinogen to PMA-stimulated monocytes could be inhibited 
in a dose-dependent manner by abciximab (Fig. 2a). The 
binding of biotinylated factor X to blood monocytes could 
also be demonstrated in flow cytometry and was nearly 
totally inhibited by preincubation with abciximab (Fig. 2b). 
The complement factor iC3b was evaluated as third Mac-1 
ligand. Binding of iC3b to monocytes that was inhibitable by 
a Mac-1 -specific antibody could be demonstrated in flow 
cytometry (Fig. 2c). 

The functional consequences of Mac-1 blockade were 
further evaluated. Fibrinogen is present in high concentration 
in human plasma and mediates cell aggregation based on its 
bivalent nature. We evaluated the ability of abciximab to 
inhibit fibrinogen-mediated monocyte aggregation. Mono- 
cytes were incubated with physiological fibrinogen concen- 
trations on a rotator (100 rpm) for 1 h resulting in a large 



□ no addition 




no addition abciximab anti-Mac- 1 
[20//g/mi] [20//g/mi] 

Fig. 4. Factor X conversion mediated by THP-1 cells, as measured by the 
chromogenic factor Xa substrate SZ-2222. Factor Xa activity was 
calculated as absorption ratio in comparison to the positive control (1 U/ 
ml factor Xa). Results are expressed as mean and standard deviation of 
three measurements. 



monocyte aggregate (Fig. 3a). Aggregation can be blocked by 
preincubation with 10 ng/ml abciximab (Fig. 3a). Further- 
more, adhesion of monocytic THP-1 cells on immobilized 
fibrinogen was evaluated. Abciximab inhibits monocyte 
adhesion on fibrinogen to the same extent as an anti-Mac- 1 
mAb (Fig. 3b). In a similar experimental setting, adhesion of 
THP-1 -cells to immobilized ICAM-1 was tested. As depicted 
in Fig. 3c, Mac-1 -mediated adhesion to immobilized ICAM- 
1 is clearly impaired by abciximab. 

To evaluate the consequence of the inhibition of factor 
X, Mac-1 -mediated factor X activation was examined 
using a chromogenic factor Xa substrate. PMA-activated 
THP-1 cells facilitate the conversion of factor X to factor 
Xa. The specificity of this effect for Mac-1 could be 
proven by inhibition with a blocking anti-Mac- 1 mAb. 
Blockade of Mac-1 with abciximab results in a significant 
inhibition of factor Xa-formation (Fig. 4), demonstrating 
an additional anticoagulative effect of abciximab. 



4. Discussion 

The proven clinical benefits of abciximab are mainly 
attributed to the blockade of the platelet fibrinogen receptor 
GP Ilb/IIIa. The ability of abciximab to cross-react with other 
integrin receptors such as the vitronectin or the Mac-1 
receptor is discussed as an additional contribution to the 
clinical benefits of abciximab. The I-domain of the Mac-1 ot- 
subunit has been proposed as the abciximab binding epitope 
on Mac-1 [15]. The I domain has also been proposed as the 
binding site for iC3b and various adhesive ligands of Mac-1 
[16,17]. Therefore, we hypothesized that abciximab binding 
to Mac-1 might inhibit the binding of several ligands. More- 
over, we examined the effects of abciximab on factor X 
binding to Mac-1 and the biological functions of Mac-1 such 
as cell adhesion and factor X activation. 

The major findings of the present study are: (1) abcix- 
imab binds to the activated Mac-1 on monocytes and Mac- 
1 -expressing THP-1 cells in vitro; (2) abciximab inhibits 
fibrinogen binding to Mac-1 ; (3) abciximab inhibits factor X 
binding to Mac-1 and Mac- 1 -mediated conversion of factor 
X to Xa; (4) abciximab inhibits fibrinogen-mediated mono- 
cyte aggregation and monocyte adhesion; (5) abciximab 
inhibits Mac-1 -mediated monocyte adhesion on ICAM-1. 

In the present study, we used ex vivo monocytes as well 
as monocytic cell lines expressing Mac-1. The use of ex 
vivo monocytes allowed an experimental setting very sim- 
ilar to the physiological situation, since lysis and fixation 
were performed not until stimulation and incubation with 
abciximab were completed On the other hand, the use of the 
monocytic cell lines THP-1 and U937 allowed the exclusion 
of platelet contamination. These cells co-expressed other 
integrin receptors as ot v p 3 only very weakly and specificity 
of abciximab binding to Mac-1 could be demonstrated by 
the inhibitory effects of a Mac-1 -specific antibody. Even 
though the validity of in vitro studies is generally limited, 
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the combination of ex vivo and in vitro experiments de- 
monstrates solid evidence for a direct Mac-1 -blocking effect 
of abciximab. However, the clinical relevance of the effects 
described in this study still has to be confirmed. 

What are the biological functions that could be affected 
by the blockade of Mac-1? The leukocyte integrin Mac-1 
is expressed on monocytes and granulocytes and has, as 
schematically depicted in Fig. 5, various functions. (A) 
Mac-1 mediates leukocyte adhesion to the vascular wall by 
binding to ICAM-1 on endothelial cells, which, for exam- 
ple, is a precondition for chemotaxis-induced leukocyte ex- 
travasation and furthermore induces co-stimulatory effects 
[18,19]. (B) The binding of iC3b-opsonized bacteria or 
immune complexes induces phagocytosis and digestion 
and can induce respiratory bursts [20,21]. (C) The bivalent 
fibrinogen molecule is able to bind to two distinct cells 
and thereby mediates cross-bridging between cells. Fibri- 
nogen binding to Mac-1 [22,23] can result in formation of 
leukocyte/leukocyte or leukocyte/platelet aggregates, which 
is described as a mechanism of neutrophil activation in 
unstable angina [24]. Furthermore, immobilized fibrinogen 
is abundant on injured vessel walls [25,26]. (D) Moreover, 
activated Mac-1 is able to bind factor X, whereby the 
conversion to factor Xa is accelerated. This represents an 
alternative, leukocyte-mediated pathway of initiation of the 
coagulation cascade. 

What evidence is available that monocytes and in 
particular Mac-1, play a role in the clinical settings for 




endothelial cell 




Fig. 5. Schematic drawing of Mac-1 functions that are inhibited by 
abciximab. 



which administration of abciximab demonstrated benefits? 
Acute coronary syndromes are associated with activation of 
monocytes and increased expression of adhesion molecules 
[27,28]. Coronary angioplasty leads to phagocyte-activation 
and Mac-1 upregulation and the extent of this upregulation 
affects the rate of restenosis [29-31]. Mac-1 -deficient mice 
demonstrate a reduction of neointima formation after vessel 
injury [32]. Mac-1 upregulation is associated with an 
increase in procoagulant activity , f33,34]. Furthermore, 
Mac-1 blockade may minimize reperfusion injury. Cats 
treated with a Mac-1 -blocking mAb demonstrated a sig- 
nificant reduction of plasma creatine phosphokinase activity 
and endothelial dysfunction after experimental ischemia 
and reperfusion [35]. Reduction of postischemic cell dam- 
age was not only found in the heart but also in cerebral 
injury [36]. In addition, Seshiah et al. [37] provided 
evidence that monocytes trigger vascular smooth muscle 
cell apoptosis and thus may influence plaque rupture. 

It has been demonstrated that abciximab binds to a 
continuous peptide sequence of the I -domain (also called 
A-domain) of the Mac-1 ot-subunit [9]. In contrast, human 
murine domain-swapping experiments indicate that the 
binding site on GP Ilb/IIIa is a discontinuous sequence 
of the p-subunit [38]. These findings reflect the different 
characters of these two receptors: While Mac-1 is a so- 
called I-domain integrin with a clearly defined ligand 
binding site in the a-subunit, GP Ilb/IIIa is a member 
of the non-I-domain integrins. The precise tertiary struc- 
ture of the latter has not been completely resolved yet and 
its complex- and conformation-dependent ligand binding 
pocket is probably assembled by sequences of both sub- 
units [39]. Interestingly, a homologous metal ion-depend- 
ent adhesion site (MIDAS)-like motif containing the 
DASAS motif is present in all p-subunits as well as in 
the I-domain binding sequence for abciximab [9]. Since 
the I-domain has also been proposed as the binding site 
for various adhesive ligands of Mac-1, [16,17] we hy- 
pothesized that abciximab binding to Mac-1 might inhibit 
the binding of several ligands. 

The finding that abciximab inhibits the Mac-1 -mediated 
factor X conversion provides an additional explanation for 
the overall clinical benefits of abciximab. Together with the 
recently described inhibition of platelet-mediated thrombin 
formation by abciximab, [40] this effect directly inhibits 
initiation of the coagulation cascade in addition to the anti- 
platelet and anti-leukocyte effects. Beyond the well-estab- 
lished blockade of GP Ilb/IIIa, we describe anti-leukocyte 
and anticoagulative effects that may contribute to the overall 
clinical benefits of abciximab. 
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Inflammation and Restenosis in the Stent Era 



Frederick G.P. Welt, Campbell Rogers 

Abstract — The pathophysiology of restenosis involves early elements of direct injury to smooth muscle cells, deendothe- 
lialization, and thrombus deposition. Over time, this leads to smooth muscle cell proliferation/migration and 
extracellular matrix deposition. There is an increasing body of evidence to suggest that inflammation plays a pivotal role 
linking early vascular injury to the eventual consequence of neointimal growth and lumen compromise. The widespread 
use of coronary stents has fundamentally altered the vascular response to injury by causing a more intense and prolonged 
inflammatory state. Many of the cellular and molecular elements responsible for leukocyte recruitment have been 
elucidated, providing potential therapeutic targets for restenosis. This review seeks to provide an integrated view of the 
pathophysiology of restenosis that explains the central role of inflammation. (Arterioscler Thromb Vase BioL 2002;22: 
1769-1776.) 

Key Words: stenting ■ balloon angioplasty ■ restenosis ■ inflammation 



Since the first reports of successful angioplasty of human 
coronary atherosclerotic lesions, restenosis has been en- 
countered as a significant limitation to the long-term efficacy 
of the procedure. In their 1979 landmark publication "Non- 
Operative Dilatation of Coronary- Artery Stenosis," Gruntzig 
et al 1 reported that 6 of 32 patients undergoing successful 
initial angioplasty suffered restenosis, a rate of 19%. Subse- 
quent large-scale registries documented a restenosis rate 
closer to 33%. 2 Early histological studies of specimens 
retrieved from human necropsy specimens recognized a 
predominantly fibrocellular response at sites of prior angio- 
plasty. 3 Early animal studies revealed initial endothelial 
denudation, medial dissection, and platelet deposition as an 
immediate response to balloon injury and described late 
restenosis as a consequence of smooth muscle cell (SMC) 
proliferation and organized intraluminal thrombosis. 4 * 5 Based 
on these understandings, early attempts to limit restenosis 
focused on antithrombotic and antiproliferative agents, but 
there was limited success in animal models and no success in 
human trials. 6 In 1991, Forrester et al 7 proposed a paradigm 
for restenosis based on the vascular biology of wound healing 
and suggested 3 phases in the process: an inflammatory 
phase, a granulation or cellular proliferation phase, and a 
phase of remodeling involving extracellular matrix protein 
synthesis. Subsequent studies have supported a critical role 
for inflammatory cells in the restenotic process and have 
uncovered a critical role for the thrombotic cascade in the 
initial recruitment of these inflammatory cells. As this fun- 
damental understanding of restenosis after balloon angio- 



plasty has developed, however, the clinical practice of inter- 
ventional cardiology has undergone a profound change with 
the advent of intracoronary stenting. What has been perhaps 
underappreciated in the evolving understanding of restenosis 
from animal model and clinical perspectives is the profound 
impact that a chronic indwelling stent has on the vascular 
biological response to coronary intervention, particularly the 
impact on the inflammatory response. 

Studies of restenosis in humans are limited by the fact that 
direct tissue examination is only rarely possible. Therefore, 
indirect measures of site-specific pathophysiological pro- 
cesses are the mainstay of this research. Animal studies allow 
direct examination of tissue and the ability to vary experi- 
mental conditions. However, animal models are not perfect 
mirrors of human pathology, and as proof, there are numerous 
examples of therapies that are effective in animals but not in 
humans. Therefore, animal studies are best used to answer 
specific biological questions that give insight into human 
disease rather than to provide exact surrogates of human 
pathology. The present review seeks to provide an integrated 
view of the pathophysiology of restenosis explaining the 
central role of inflammation. Evidence from animal and 
human studies of the importance of inflammation is de- 
scribed; also described are mechanisms of inflammatory cell 
recruitment and how these processes might be targeted to 
prevent restenosis. In addition, we discuss how endo vascular 
stenting fundamentally affects the pathophysiological re- 
sponses to vascular injury, with emphasis on the inflamma- 
tory responses. 
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Mechanisms of Leukocyte Recruitment 
and Infiltration 

Leukocyte recruitment and infiltration occur at sites of 
vascular injury where the lining endothelial cells have been 
denuded and platelets and fibrin have been deposited. In vivo 
studies have shown that leukocytes and platelets colocalize at 
sites of hemorrhage, within atherosclerotic and postangio- 
plasty restenotic lesions, and in areas of ischemia/reperfusion 
injury. This interaction between platelets and leukocytes 
appears to be critical to the inflammatory response. 8 - 9 

A paradigm of leukocyte attachment to and transmigration 
across surface-adherent platelets has been proposed. 10 The 
initial loose association to platelets and rolling of leukocytes 
is mediated by platelet P-selectin. 11 This is followed by their 
firm adhesion and transplatelet migration, processes that are 
dependent on the integrin class of adhesion molecules 10 The 
ft integrin molecule Mac-1 (CDllb/CD18) is present on 
neutrophils and monocytes and appears to be of central 
importance in leukocyte recruitment after vascular injury. In 
addition to promoting the accumulation of leukocytes at sites 
of vascular injury, the binding of platelets to neutrophils 
amplifies the inflammatory response by inducing neutrophil 
activation, upregulating cell adhesion molecule expression, 
and generating signals that promote integrin activation and 
chemokine synthesis. Interestingly, neutrophil-platelet and 
monocyte-platelet aggregates have been identified in the 
peripheral blood of patients with coronary artery disease and 
may be markers of disease activity. 12 * 13 

Also central to the recruitment of leukocytes to areas of 
vascular injury, chemokines are a group of chemoattractant 
cytokines produced by a variety of somatic cells, including 
SMCs, endothelial cells, and leukocytes. One such chemo- 
kine of the C-C class, monocyte chemoattractant protein 
(MCP)-1, participates in the recruitment of monocytes (as 
well as basophils and certain activated T cells). 14 The C-X-C 
chemokine, interleukin (H)-8, plays a critical role in the 
recruitment of leukocytes to areas of vascular injury. It is well 
known that IL-8 is a pivotal cytokine in the recruitment of 
neutrophils. 15 More recent evidence suggests that the murine 
analogue of IL-8, KC, also plays a critical role in the 
recruitment of monocytes to injured areas. 16 

Human Evidence for Role of Inflammation 
in Restenosis 

It has long been recognized that restenosis is not a case of 
accelerated atherosclerosis but is rather a distinct temporal 
and pathophysiological process. Yet evidence has emerged 
indicating that leukocytes play a central role in atherogenesis 
and restenosis. A role for leukocytes in the pathogenesis of 
atherosclerosis has long been accepted. This is largely based 
on numerous human histopathological studies in which leu- 
kocytes, mainly of the monocyte lineage, have been identified 
at all stages of development of the atherosclerotic plaque, 
from fatty streaks to mature atheroma. 17 Similar observations 
regarding restenosis have been hampered by the difficulty of 
obtaining human restenotic tissue. Farb et al 18 recentfy 
reported findings from pathological studies of 1 16 stents from 
87 patients >90 days after the procedure. They found a strong 
link between the extent of medial damage, inflammation, and 



restenosis. Further crucial evidence linking leukocytes and 
restenosis has been provided by the study of Moreno et al, 19 
in which the authors obtained tissue from directional atherec- 
tomy catheters at the time of angioplasty and found a strong 
positive correlation between the number of macrophages 
present in the tissue at the time of angioplasty and the 
subsequent propensity for restenosis. 

Given the difficulty of obtaining human restenotic tissue, 
many investigators have looked at systemic markers of 
inflammation after angioplasty. Neumann et al 20 devised a 
technique in which they collected blood samples proximal to 
and just distal to the site of balloon dilatation in humans. 
They performed flow cytometry to determine the expression 
of the neutrophil adhesion molecules L-selectin and CD lib 
and found an upregulation of these markers of leukocyte 
activation after angioplasty, measured as a gradient between 
distal and proximal specimens. Mickelson et al 21 used sys- 
temic venous specimens from patients undergoing angio- 
plasty and found flow cytometric evidence of the upregula- 
tion of CD lib on neutrophils and monocytes that correlated 
with a propensity for adverse clinical events. Inoue et al 22 
extended these observations to demonstrate that elevated 
levels of neutrophil CD1 lb are predictive of future propensity 
for restenosis in patients undergoing balloon angioplasty. 
Pietersma et al 23 showed that IL-1 production by stimulated 
monocytes of blood from patients before angioplasty pre- 
dicted later luminal loss, whereas activation of granulocytes, 
measured by CD66 levels, was inversely correlated with late 
loss. Cipollone et al 24 demonstrated upregulated levels of 
MCP-1 after percutaneous intervention in humans and found 
that MCP-1 levels were correlated with a risk for restenosis. 
More recently, Gaspardone et al 25 showed a correlation 
between C-reactive protein (a nonspecific inflammatory 
marker) after stent placement and a propensity for restenosis. 

Animal Model Evidence for Role of 
Inflammation in Restenosis 

In experimental animal models, cell adhesion molecules 
critical for leukocyte recruitment have been found to be 
upregulated by an atherogenic diet, 26-28 diabetes 29 and in- 
creased shear stress. 30 In addition, vascular cell adhesion 
molecule- 1, intercellular adhesion molecule- 1, and major 
histocompatibility complex class II antigens have all been 
shown to be upregulated in a sustained fashion after balloon 
injury in the rabbit. 31 Our laboratory has demonstrated that in 
animal models in which an endo vascular stent is placed to 
produce deep trauma to the vessel, a particularly brisk early 
inflammatory response is induced with abundant surface 
adherent leukocytes of monocyte and granulocyte lin- 
eage. 32 - 33 Days and weeks later, macrophages invade the 
forming neointima and are observed clustering around stent 
struts, forming giant cells. Blockade of early monocyte 
recruitment with anti-inflammatory agents results in reduced 
late neointimal thickening. 32 * 3435 As a corollary, a linear 
relationship exists between tissue monocyte content and 
neointimal area, suggesting a pivotal causal role for mono- 
cytes in restenosis. 32 Activated macrophages are thought to 
influence vascular repair by producing a variety of mediators, 
including members of the interleukin family, tumor necrosis 
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factor, MCP-1, and growth factors, such as platelet-derived 
. growth factors, basic fibroblast growth factor, and heparin- 
binding epidermal growth factor. 36 

Several studies have also shown infiltration of neutrophils 
within the arterial wall after vascular injury. 37-39 We recently 
reported the presence of neutrophils within the media and 
neointima of injured rabbit iliac arteries and demonstrated 
concomitant reductions in neutrophil number and medial 
smooth muscle proliferation with administration of anti- 
inflammatory agents. 33 The mechanisms by which neutro- 
phils may affect vascular repair are not fully understood. 
Although neutrophils are not known to secrete growth factors 
per se, they do contribute to tissue injury through the release 
of reactive oxygen species and proteases. 36 Neutrophils are 
known to secrete cytokines, including LL-1, tumor necrosis 
factor- a, and IL-6. 40 In addition, it has been reported that 
rabbit vascular smooth cells are stimulated to proliferate 
when they are cocultured with neutrophils or neutrophil- 
conditioned media. 41 

Differences Between Balloon and Stent Injury 

A major advance in the care of the patient undergoing cardiac 
intervention in the past decade has been the introduction of 
the coronary stent. This device has dramatically improved 
acute results and has reduced the incidence of subsequent 
restenosis. Still, in-stent restenosis, although less frequent, 
affects ^20% of patients and is often recalcitrant and costly 
to treat. What has emerged from systematic investigation in 
human and animal studies are profound differences between 
vascular biological responses to balloon- and stent-induced 
injury. 

Human Studies of the Pathophysiology 
of In-Stent Versus Balloon 
Angioplasty Restenosis 

The use of intravascular ultrasound to study restenotic 
lesions has been invaluable in the elucidation of mecha- 
nisms of restenosis. Studying restenosis after balloon 
angioplasty, Mintz et al 42 used intravascular ultrasound to 
determine the contributions of neointimal hyperplasia and 
negative remodeling. They found that although negative 
remodeling (as measured by external elastic membrane area) 
and neointimal hyperplasia (as measured by plaque plus 
media cross-sectional area) contributed to restenosis, negative 
remodeling contributed substantially more (Figure 1). Angio- 
graphic analysis of the 2 first pivotal studies of coronary 
stents in humans (Stent Restenosis Study [STRESS] 43 and 
Belgian Netherlands Stent Study [BENESTENT] 44 ) revealed 
distinct qualitative and quantitative differences between 
balloon-injured and stented arteries. Stented arteries experi- 
enced a much larger initial lumen gain, which was presum- 
ably due to the rigid scaffolding provided by the stent that 
prevents acute elastic recoil. At follow-up, the luminal area 
was greater and binary restenosis was less in stented arteries 
than in balloon-angioplastied arteries. However, somewhat 
counterintuitively, late loss (lumen immediately after 
follow-up minus lumen at follow-up) was greater in stented 
arteries. Tying these observations together, stents incur 
greater neointimal growth, with their net benefit being attrib- 
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Figure 1. Graph of intravascular ultrasound measurements after 
balloon angioplasty. The arterial size, as measured by the cross- 
sectional area of the external elastic membrane (EEM), shrinks 
(remodels) over time, contributing more to the decrement in 
lumen size than does neointimal growth, as measured by the 
cross-sectional area of the plaque plus media (P+M). Adapted 
from Mintz et al. 42 



utable to their larger initial lumen gain and prevention of 
remodeling. This was confirmed with a serial intravascular 
ultrasound study conducted by Hoffman et al 45 (Figure 2). 

Although direct measures of inflammation at the site of 
clinical percutaneous intervention are virtually impossible, 
evidence has been gathered to suggest that there are 
differences in the inflammatory responses to stent place- 
ment and balloon angioplasty. Inoue et al 46 have used flow 
cytometry to measure CDllb expression on neutrophils 
after percutaneous coronary intervention and have found 
substantially higher levels on neutrophils from patients 
undergoing stent implantation compared with patients 
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Figure 2. Graph of intravascular ultrasound measurements after 
stent placement. The arterial size, as measured by stent cross- 
sectional area, stays fixed over time, indicating no remodeling. 
The decrement in lumen size is entirely caused by neointimal 
growth, as measured by plaque cross-sectional area. Adapted 
from Hoffmann et al. 45 
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Figure 3. Immunohistochemical identification of macrophages 
within primate iliac arteries injured with either stents or balloon 
injury alone. Note that there is a steady accumulation of macro- 
phages within stented segments with clustering of macrophages 
surrounding stent struts, whereas there is virtually no accumula- 
tion within the balloon-injured segments. From Horvath et al. 52 

undergoing balloon angioplasty alone. This increased in- 
flammatory response may help to explain the larger neo- 
intimal growth seen in stented arteries. 

Animal Studies of the Pathophysiology 
of In-Stent Versus Balloon 
Angioplasty Restenosis 

Several animal studies have demonstrated marked differences 
in response to vascular injury between balloon- and stent- 
induced injury, with specific emphasis on differences in the 
inflammatory response. Heparin, an archetypal modulator of 
vascular repair in animal models, has long been known to 
reduce neointimal growth after vascular injury. 47 * 48 Heparin is 
equally effective at reducing neointimal hyperplasia after 
balloon injury or stent implantation. 49 50 However, our labo- 
ratory has shown that maximal inhibition of neointimal 
hyperplasia in stented arteries requires continuous heparin 
administration for the duration of the experiment, whereas 
transient early heparin therapy after balloon injury is just as 
effective as chronic administration. 50 An explanation of this 
difference is suggested by further studies from our laboratory. 
In stented arteries, there is abundant recruitment of macro- 
phages within the neointima (Figure 3). Inhibition of macro- 
phage accumulation parallels reduction in neointimal 
growth. 32 In contrast, in balloon-injured rabbit iliac arteries, a 
model devoid of macrophage infiltration (Figure 3), neutro- 
phil infiltration has been documented within hours of injury. 
Inhibition of neutrophil infiltration is correlated with an 
inhibition of medial SMC proliferation. 33 To elucidate the 
mechanisms behind these differences, we determined mRNA 
levels of the monocyte chemokine MCP-1 and the neutrophil 
chemokine IL-8 at sites of vascular injury by using semiquan- 
titative reverse transcriptase-polymerase chain reaction. In 
balloon injury, there was only transient expression (lasting 
only hours) of MCP-1 and IL-8. In contrast, in stented 



arteries, there was sustained expression of IL-8 and, more 
prominently, MCP-1 as late as 14 days. 51 

We have been able to exploit these differences in inflam- 
matory response with leukocyte-specific therapies. In a pri- 
mate iliac artery model, monocyte-specific blockade, 
achieved via blockade of the MCP-1 receptor CCR2, was 
effective at reducing neointimal hyperplasia within stented 
segments of the arteries. 52 In contrast, blockade of CCR2 was 
not effective against neointimal hyperplasia within balloon- 
injured segments. For balloon-injured segments, neutrophil 
blockade, achieved by targeting the leukocyte ft-integrin 
j3-subunit CD 18, was required to reduce neointimal hyper- 
plasia. These data suggest not only that leukocyte infiltration 
is causally related to neointimal hyperplasia after balloon- or 
stent-induced injury but also that temporal and spatial pat- 
terns of leukocyte infiltration vary with different forms of 
arterial injury. 

An Integrated View of In-Stent Restenosis 

Figure 4 illustrates an integrated view of the pathophysiolog- 
ical processes underlying in-stent restenosis. Figure 4A illus- 
trates a mature atherosclerotic plaque. The initial events 
immediately after stent placement result in deendotheli- 
alization and the deposition of a layer of platelets and fibrin 
at the injured site (Figure 4B). Activated platelets express 
adhesion molecules such as P-se lectin and glycoprotein (GP) 
Iba, which attach to circulating leukocytes via platelet 
receptors such as P-selectin glycoprotein ligand (Figure 4C 
with inset) and begin a process of rolling along the injured 
surface. Under the influence of cytokines (Figure 4C), leu- 
kocytes bind tightly to the leukocyte integrin (ie, Mac-1) class 
of adhesion molecules via direct attachment to platelet 
receptors such as GP Iba and through cross-linking with 
fibrinogen to the GP Ilb/HIa receptor (Figure 4D, inset). The 
migration of leukocytes across the platelet-fibrin layer and 
into the tissue is driven by chemical gradients of cytokines 
released from SMCs and resident leukocytes (Figure 4C and 
4D). Growth factors are released from platelets, leukocytes, 
and SMCs, which influence the proliferation and migration of 
SMCs from the media into the neointima (Table, Figure 4D). 
The resultant neointima consists of SMCs, extracellular 
matrix, and macrophages recruited over several weeks (Fig- 
ure 4E). Over even longer periods of time (Figure 4F), there 
is a shift to fewer cellular elements with, and greater 
production of, extracellular matrix. In addition, there is 
eventual reendothelialization of at least part of the injured 
vessel surface. 

Implications for Antirestenotic Therapies 

The data presented in the present review suggest that an 
anti-inflammatory approach may be an effective way to 
suppress neointimal growth and restenosis after percutaneous 
intervention in humans. Indeed, a shared feature of many 
promising therapies in clinical trials currently is an anti- 
inflammatory potential. For example, sirolimus, which has 
shown remarkable efficacy against restenosis in a coated stent 
design, 53 is a known inhibitor of regulatory elements of the 
cell cycle. However, it also possesses important anti- 
inflammatory properties, as evidenced by its initial develop- 
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Figure 4. A, Mature atherosclerotic plaque before intervention. B, Immediate result of stent placement with endothelial denudation and 
platelet/fibrinogen deposition. C and D, Leukocyte recruitment, infiltration, and SMC proliferation and migration in the days after injury. 
E, Neointimal thickening in the weeks after injury, with continued SMC proliferation and monocyte recruitment. F, Long-term (weeks to 
months) change from a predominantly cellular to a less cellular and more ECM-rich plaque. 



ment as an antifungal agent and its current use as an 
immunomodulatory agent in the treatment of renal transplant 
rejection. 54 In a porcine model of stent injury, sirolimus- 
coated stents, compared with bare metal stents, were associ- 
ated with reduced vessel wall protein expression of the 
cytokines MCP-1 and IL-6. 55 Similarly, the microtubule 
stabilizer paclitaxel, a promising therapy for restenosis via 
stent-based delivery, is known to interfere with SMC prolif- 
eration and migration through its effect on microtubules. 54 
However, there are also data to suggest that paclitaxel affects 
leukocyte function. Interestingly, this appears at least in part 
to be mediated through the interference of cytoskeletal 
interactions with the integrin class of adhesion molecules. 56 
The effects of brachytherapy on inflammation have not been 



studied in detail, although one report suggests that delayed 
endothelialization after brachytherapy in a porcine model 
may actually increase the inflammatory burden. 57 

The data presented in the present review also suggest that 
there are important differences in the temporal and spatial 
pattern of inflammation between stent and balloon injury that 
must be taken into account when antirestenotic therapies are 
designed. Specifically, the inflammatory response engen- 
dered by a stent is prolonged and rich in cells of the 
monocyte/macrophage lineage. Therefore, anti-inflammatory 
therapies may have to be delivered over a prolonged period of 
time and also must include anti-macrophage activity. This 
requirement for prolonged activity makes all the more ap- 
pealing the use of the stent itself as a platform for delivery. 
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Major Growth Factors/Cytokines Involved in the Restenotic Process 
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Source (Within Vessel Wall) 
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A C-C chemokine predominately involved in 
monocyte recruitment 


IL-8 


Macrophages, T-cells, 
PMNs 

SMCs 

Endothelial cells 

Fibroblasts 


A C-X-C chemokine predominately involved in 
neutrophil and monocyte recruitment 
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A member of the IL-6 family of cytokines involved in 
acute phase reactant expression; specific vascular 
effects unknown. 
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PDGF indicates platelet-derived growth factor; FGF, fibroblast growth factor; PMN, polymorphonuclear leukocytes.. 



A final word should be said regarding the lack of efficacy 
of prior anti-inflammatory drugs in human trials of restenosis. 
In a broad sense, one can implicate either a lack of under- 
standing of the biological responses to injury, use of the 
wrong drug, or an incomplete understanding of pharmacoki- 
netics and pharmacodynamics. First, many of these trials 
were conducted in an era of predominant balloon angioplasty 
rather than stenting, which, as we have described in the 
present review, causes a fundamental change in the nature of 
the vascular biological response to injury. Heparin provides 
an example for which pharmacokinetics and pharmacody- 
namics may be the issue. Heparin is the archetypical modu- 
lator of vascular repair after vascular injury in a variety of 
animal models. It has long been known that heparin inhibits 
SMC proliferation and neointimal hyperplasia independent of 
its anticoagulant properties. 58 Multiple studies have also 
demonstrated that heparin also is a powerful anti- 
inflammatory agent and that this characteristic is intimately 
related to its antiproliferative properties in animal studies of 
vascular injury. 33 59 However, human trials of subcutaneous 
heparin after percutaneous intervention have proven ineffec- 
tive in preventing restenosis. 60 An explanation of this paradox 
is suggested by data from prior animal studies suggesting that 
the efficacy of heparin against neointimal growth is critically 
dependent on the type of vascular injury imposed 61 and the 
duration and frequency of heparin administration. 50 These 
data suggest that human studies of heparin after percutaneous 



intervention may have suffered from an insufficient dosing 
interval and duration of administration. Although less com- 
pletely studied than heparin, it is possible that pharmacoki- 
netic and pharmacodynamic issues may also lie behind the 
failure of tranilast, a drug showing efficacy in animal mod- 
els 62 but not in a large-scale human trial. 63 

Conclusions 

An evolving understanding of the pathogenesis of restenosis 
has placed inflammation at the center of the process. Much of 
our early understanding of this process was based on studies 
of balloon angioplasty. It is imperative to understand that the 
placement of a stent, now the predominant therapy in hu- 
mans, profoundly alters all elements of vascular repair, 
particularly inflammatory processes. These differences must 
be understood and incorporated into the development of 
antirestenotic therapies in the stent era. 
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Abstract 

Monoclonal antibodies raised against (3 3 integrin 
are able to inhibit the binding of ligands to certain 
P 3 integrins such as anbfe (glycoprotein Ilb/IIIa 
complex) and a v p 3 (vitronectin receptor) and as 
such are inhibitors of platelet aggregation and 
smooth muscle cell (SMC) migration, both of 
which are involved in neointimal hyperplasia. 
The present study was designed to explore the 
detailed mechanisms of abciximab (Reopro), a 
monoclonal antibody (mAb) raised against otnb(3 3 
integrin in neointimal hyperplasia. In this study, 
carotid arteries of Wistar rats were damaged, and 
neointimal hyperplasia and lumen occlusion was 
determined at different time points. Abciximab 
was administered intravenously by an implanted 
osmotic pump. Abciximab (0.25 mg/kg/day) 
time-dependently inhibited both neointimal hy- 
perplasia and lumen occlusion after angioplasty 
in carotid arteries of rats. Furthermore, the 
electromicrographs highlighted that SMCs were 
phenotypically different from the typical contrac- 
tile, spindle-shaped SMCs normally seen in 
uninjured vessel walls. Platelet-derived growth 
factor (PDGF)-BB was strongly produced in 



Corresponding author: Prof. Joen-Rong Sheu, Graduate Institute 
of Medical Sciences, Taipei Medical College, No. 250, Wu-Shing 
Street, Taipei 110, Taiwan. Tel: +886 (2) 27390450; Fax: +886 (2) 
27390450; E-mail: <sheujr@tmc.edu.rw>. 



thrombus formation and neointimal SMCs after 
angioplasty, while abciximab significantly re- 
duced PDGF-BB expression in vessel lumens 
and neointimal SMCs after angioplasty. Balloon 
angioplasty caused a significant increase of 
nitrate and cyclic GMP as compared with sham- 
operated rats. Infusion of abciximab (0.25 mg/ 
kg/day) did not significantly change. Further- 
more, the plasma level of thromboxane B 2 (TxB 2 ) 
obviously increased after angioplasty, while 
abciximab markedly suppressed the elevation of 
plasma TxB 2 concentration. The results indicate 
that abciximab effectively prevents neointimal 
hyperplasia, possibly through the following 2 
mechanisms: (1) Abciximab binds to otnbP 3 integ- 
rin on platelet membranes resulting in inhibition 
of platelet adhesion, secretion, and aggregation in 
injured arteries, followed by inhibition of throm- 
boxane A 2 formation and PDGF-BB release from 
platelets. (2) Abciximab may also bind to a v (3 3 
integrin on SMCs, thus, subsequently inhibiting 
cell migration and proliferation. © 2001 Elsevier 
Science Ltd. All rights reserved. 

Key Words: Abciximab; (3 3 integrin; Neointimal hyperpla- 
sia; Balloon angioplasty; PDGF-BB 

Vessel wall injury produced by passage of 
a balloon catheter through the lumen of 
an artery initiates a sequence of vascular 
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smooth muscle cell (SMCs) responses including 
stimulation of SMC migration and proliferation, 
which leads to intimal hyperplasia [1]. This 
process contributes to the pathogenesis of sev- 
eral cardiovascular disorders, including athero- 
sclerosis, and restenosis after angioplasty [1]. 
Although the cellular mechanisms of neointimal 
hyperplasia are not fully understood, the pro- 
cess appears to involve early platelet accumu- 
lation, replication of medial vascular SMCs, 
migration into the intima of replicating and into 
the media of nonreplicating vascular SMCs, and 
chronic replication of intimal vascular SMCs in 
response to mitogens and growth factors [2]. A 
number of growth factors, including fibroblast 
growth factor and platelet-derived growth factor 
(PDGF), are released at the site of vascular 
injury, which indicates the significance of these 
mitogenic and chemotactic stimuli in vascular 
proliferation [3]. 

Arterial injury exposes the subendothelial 
matrix including fibronectin and collagen which, 
in turn, prompts platelet adhesion and accumu- 
lation [4]. Therefore, platelet degranulation pro- 
ducts may play an important role in initiation of 
neointimal hyperplasia. Some evidences have 
been provided that platelets are involved in these 
processes. For example, thrombocytopenic ani- 
mals exhibited significantly less intimal thicken- 
ing after balloon angioplasty than did normal 
controls [5]. However, clinical trials using var- 
ious classic antiplatelet drugs presently available 
showed no beneficial effect [6]. 

More potent antiplatelet agents such as inhi- 
bitors of the platelet fibrinogen receptors (gly- 
coprotein Ilb/IIIa complex, also termed anbfe 
integrin) have become available and are highly 
effective both in vitro and in vivo in animal 
models in preventing platelet aggregation and 
thrombosis [7-9]. Integrins are cell surface het- 
erodimeric glycoprotein receptors that integrate 
the cytoskeletal activities of a cell with that of its 
environment, via cell-to-cell and cell-to-extracel- 
lular matrix interactions [10]. Indeed, several 
integrins, including the related vitronectin 
receptor, ayfe, which are present, for example, 
on vascular SMCs and platelets, and recognize 
the Arg-Gly-Asp (RGD) sequence found in 
many adhesive molecules, participate in the 
adhesion of vascular SMCs to vitronectin and 



migration of the cells towards fibronectin, lami- 
nin, and collagen types I and IV [10]. Therefore, 
nonspecific 3 3 integrin blocker can block these 
reactions [11]. 

Abciximab (Reopro, chimeric 7E3 Fab) is a 
monoclonal antibody (mAb) fragment that inhi- 
bits platelet aggregation induced by physiologic 
and pathologic agonists by binding to the platelet 
otnbfe integrin [12]. This biological activity 
formed the basis of its development as an antith- 
rombotic agent to prevent and treat platelet- 
mediated ischemic cardiovascular disease [12]. 
The primary indication for abciximab is the pre- 
vention of ischemic complications in patients 
undergoing percutaneous coronary revasculari- 
zation (including percutaneous transluminal cor- 
onary angioplasty (PTCA) and atherectomy) 
[11,12]. Furthermore, the abciximab is crossreac- 
tive with other integrin superfamily, including 
the vitronectin receptors (0^3) [12]. In vitro, 
abciximab appears to have similar affinity for 
the anbfe and a v (3 3 integrins and redistributes 
between them [13], it is possibly that some effects 
of abciximab are due to its reactivity with one or 
the other of these receptors. 

The present study was designed to elucidate 
the detailed mechanisms involved in the inhibi- 
tion of neointimal hyperplasia by abciximab in a 
rat model of balloon angioplasty. 

1. Materials and Methods 

L2. Materials 

Abciximab (Reopro) was a donation from Eli 
Lilly. EDTA, sodium nitrate, sodium pentobar- 
bital, glutaraldehyde, paraformaldehyde, Tris 
(hydroxymethyl) aminomethane and trichlora- 
cetic acid (TCA) were purchased from Sigma 
(St. Louis, MO). VCI3 was obtained from 
Aldrich (Milwaukee, WI). Antihuman PDGF- 
BB mAb was purchased from Pepro tech., 
England; biotinylated antirabbit IgG and normal 
goat serum were purchased from Vector Lab. 
(Burlingame, CA); peroxidase-conjugated strep- 
toavidin was obtained from Dako, Denmark. 
Cyclic AMP, cyclic GMP, and thromboxane B 2 
(TxB 2 ) EIA kits were purchased from Cayman 
(Ann Arbor, MI). 
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1.2. Animals 

A total of 62 male Wistar rats weighing 200-250 
g were used in all studies. The animals were 
maintained on a 12-h light/dark cycle under 
controlled temperature (20±1°C) and humidity 
(55 ±5%). Animals were given continuous access 
to food and water. 

2.3. Arterial Injury Model 

Rats were anesthetized with sodium pentobarbi- 
tal (50 mg/kg, ip), and a 2F embolectomy balloon 
catheter (Baxter Health Care, Palo Alto, CA) was 
introduced into the left common carotid artery by 
way of the external carotid artery. The balloon 
was inflated with sufficient saline to distend the 
common carotid and was then withdrawn to the 
external carotid artery. This procedure was 
repeated three times. On removal of the catheter, 
the external carotid artery was ligated, and the 
wounds were closed. Abciximab or isovolumeric 
normal saline was infused intravenously at a rate 
of 0.25 mg/kg/day by the use of osmotic mini- 
pumps (Model-2002, Alza, Palo Alto, CA) imme- 
diately after the balloon angioplasty, and was 
continued for 7, 14, and 28 days, respectively, at 
which time the animals were anesthetized, blood 
was collected, and the common carotid artery was 
removed, and stained with hematoxylin-eosin 
(H&E). The H&E stain was used to visualize the 
SMCs in the media and intima. Finally, the light 
microscopic picture was analyzed using a com- 
puter-assisted image analyzer, and changes 
between the neointimal area and the total area 
within the internal elastic lamina were deter- 
mined on three cross-sections each. Measure- 
ments of each section were made to quantify: (1) 
neointimal hyperplasia, measured as the increase 
in vessel wall cross-sectional area, [(media + in- 
tima area) /media area], as multiples of area 
increase [14]; and (2) percentage of the vessel wall 
lumen occluded [1 — (lumen area/internal elastic 
lamina area) x 100], as percent occlusion [14]. All 
measurements were made by an investigator 
blinded to the treatment and injury conditions. 

Blood (5 ml) was collected by aortic puncture 
in 3.8% sodium citrate (9:1). Citrated blood was 
immediately centrifuged, and the supernatant 
was collected and stored at - 80°C before cyclic 



AMP, cyclic GMP, and TxB 2 assays. Nitrate con- 
centrations were determined as described pre- 
viously [15]. The cyclic AMP, cyclic GMP, and 
TxB 2 levels were measured with EIA kits. 

1.4. Electromicroscopic Examination of Injured 
Arteries 

Electromicroscopic examination of injured arter- 
ies after balloon angioplasty was performed 
according to our previous description [16]. In 
brief, rats were perfused transcardially with nor- 
mal saline followed by perfusion with a mixed 
aldehyde solution. The common carotid artery 
was removed and postfixed overnight at 4°C in a 
similar fixative. The artery was trimmed into 
small cross-sections ( & 2 mm) that were further 
postfixed in 1% osmium tetroxide (Os0 4 ) in 0.1 
M cacodylate buffer solution (pH 7.4) at room 
temperature for 1.5 h. The selected blocks were 
then dehydrated in a graded series of alcohol 
and embedded in an Epon-Araldite mixture 
(EMS). Ultrathin sections were cut and mounted 
on 150-mesh copper grids, double-stained with 
uranyl acetate and lead citrate, and examined 
under a Hitachi H-600 electron microscope oper- 
ated at 75 kV. 

1.5. Immunohistochemistry of PDGF-BB Expression 
in Injured Arteries 

Immunostaining of PDGF-BB was performed 
using the streptoavidin-biotin immunoperoxi- 
dase method as described previously [17]. In 
brief, arterial sections were deparafinized in 
xylene and ethanol baths; endogenous peroxi- 
dase activity was quenched in a solution of 
methanol (200 ml) plus hydrogen peroxide (3%; 
50 ml); and nonspecific binding was prevented 
by preincubation with 10% normal goat serum. 
Arterial sections were then exposed to the rabbit 
polyclonal antihuman PDGF-BB IgG (1:100) or 
rinsed with PBS, and incubated with biotinylated 
goat antirabbit IgG (1:300). Dot blot and Western 
blot analyses were performed to confirm the 
crossreactivity of rabbit polyclonal antibody to 
rat proteins. Peroxidase labeling was achieved 
with incubation by use of peroxidase-conjugated 
streptoavidin (1:300), and antibody visualization 
was established after a 5-min exposure to 0.05% 
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3,3'-diaminobenzidine in 0.05 M Tris-HCl, pH 
7.6, with 0.003% hydrogen peroxide. 

1.6. Statistical Analysis 

A single slice was chosen at random from each 
segment, giving three slices per artery. When 
areas of each segment were compared (one-way 
analysis of variance (ANOVA)), no differences 
between segments were found; therefore, the 
three slices were averaged to give a single mea- 
surement for each carotid artery. The experimen- 
tal results are expressed as means ± S.E.M. and 
are accompanied by the number of observations. 



Data were assessed using ANOVA. If this analy- 
sis indicated significant differences among the 
group means, then each group was compared by 
the Newman-Keuls method. A value of P<.05 
was considered statistically significant. 

2. Results 

2.1. Neointimal Hyperplasia After Balioon 
Angioplasty in Rats 

There were no differences in body weight among 
the sham-, balloon angioplasty-, and abciximab- 




Fig. 1. Microphotographs showing a (a) cross-section of rat carotid arteries 14 days after balloon angioplasty. The 
intimal area (IA) is formed by the neointima. The medial area (MA) is encircled by the internal elastic lamina (IEL) and 
external elastic lamina (EEL). Note that the luminal area (LA) is filled with thrombus formation (T). (b) Sham-operated, 
(c) normal saline treatment for 7 days, (d) 14 days, and abciximab treatment for (e) 7 days and (f) 14 days after balloon 
angioplasty. Note that obvious neointimal hyperplasia (arrowheads) has developed 14 days after balloon injury. 



C.-H. Wu et aL/Thrombosis Research 101 (2001) 127-138 



131 



treated groups, either before surgery or 4 weeks 
afterward. After 4 weeks of treatment, systolic 
blood pressure had not significantly changed 
among these groups (data not shown). 

In this study, balloon injury to the carotid 
arteries in untreated rats occluded the lumen 
markedly within 7 days after angioplasty (Fig. 
lc). The thickness of the media (measured from 
the external elastic lamina to the internal elastic 
lamina, see Fig. la) of these injured carotid 
arteries did not differ significantly from media 
thicknesses of uninjured artery segments (Fig. 
lb,c). In contrast, the thickness of the intima of 
the injured vessel wall segments at 14 days after 
angioplasty (measured from the internal elastic 
lamina to the lumen) were markedly thicker than 
the intima of uninjured arteries (Fig. lb,d). These 
data (i.e., the similar overall vessel wall dia- 
meters and the similar media thicknesses as 
compared to the significantly different intimal 
thicknesses between uninjured and injured ves- 
sel walls), plus the histology (Fig. 1), confirm that 
hyperplasia and subsequent vessel wall occlu- 
sion following injuries were due predominantly 
to intimal SMC proliferation. 

The area of neointimal hyperplasia time- 
dependently increased after angioplasty, which 
increased about 1.1-fold (n = 8), 1.9-fold (n = 8), 
and 4.4-fold (n = 6) at 7, 14, and 28 days after 
arterial injury as compared with sham-operated 
rats, respectively. Concurrently, neointimal 
hyperplasia was associated with increases of 
lumen occlusion from 4.3% (sham-operated rats) 
to 82.1% within 7 days, 91.0% and 96.1% within 
14 and 28 days in injured vessels, respectively 
(rc = 8). Therefore, neointimal formation deter- 
mined at 14 days after balloon angioplasty of 
rat carotid arteries served as controls for all 
subsequent experiments. 

2.2. Effect of Abciximab on Neointimal Hyperplasia 
After Balloon Angioplasty 

In a series of experiments, continuous intravenous 
administration of abciximab to rats with denuded 
carotid arteries began immediately after angio- 
plasty and continued for up to 14 days. Effective 
delivery of abciximab by implanted osmotic 
pumps was maintained throughout the experi- 
mental period, because ex vivo ADP-induced 



platelet aggregation was still inhibited at the end 
of the observation period (data not shown). 

Continuous infusion of abciximab (0.25 mg/ 
kg/day) for 14 days markedly inhibited the 
neointimal hyperplasia in vessel walls after 
angioplasty as compared with normal saline-trea- 
ted rats (Figs. If and 2a). This decrease was also 
associated with a marked decrease in vessel wall 
occlusion (i.e., about a 87% decrease in vessel wall 
occlusion) (Fig. 2b). Furthermore, the effects of a 
continuous 7- and 14-day treatment with abcix- 
imab on neointimal hyperplasia and lumen occlu- 
sion in carotid arteries after angioplasty were 
compared (Fig. 2). Fig. 2 shows that abciximab 
treatment was less effective in preventing neoin- 
timal hyperplasia with a period of 7-day infusion 
than that for 14 da^^fter injury (Fig. 2a). Further- 
more, when vessels were continuously treated for 
7 and 14 days after injury, respectively, both 
treatment schedules were equally effective in 
preventing lumen occlusion (Fig. 2b). These 
results indicate that integrin (a v Ps) inhibition 
was still needed after the initial period in which 
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Fig. 2. Inhibitory effects of abciximab on (a) sectional 
area increase and (b) lumen occlusion after balloon 
angioplasty of rats. Normal saline (open bars) or 
abciximab (0.25 mg/kg/day, hatched bars) was infused 
intravenously for 7 and 14 days after angioplasty of the 
rat, then neointimal hyperplasia and lumen occlusion of 
rat carotid arteries were determined as described in 
Materials and Methods. Data are presented as mean- 
s ± S.E.M. (n = 8). * P < .05 and * * * P < .001 compared with 
normal saline-treated rats. 
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platelet activation and thrombus formation are 
believed to occur. At the dose used, no bleeding 
complications apart from some minor bleeding at 
the sites of surgery were observed. 

2.3. Effect ofAbciximab on Arteries After Angioplasty 
by Electromicrographic Examinations 

In sham-operated rats, the intima of vessel walls 
was similar to that of normal rats and composed 
of a single layer of flattened endothelial cells. 
Next to the endothelium, there was a thin layer 
of extracellular matrix with a network of collagen 
fibrils comprising the major structural compo- 
nent. SMCs alternating with thick elastic lamina 
in the media displayed numerous processes of 
variable diameters intermingling with collagen 
fibrils or bundles (Fig. 3a). The cells showed only 
a few organelles including a poorly developed 
endoplasmic reticulum and Golgi complex at 
each end of or around the nucleus (Fig. 3b). Their 
cytoplasm was dominated by myofilaments 
located immediately inside the plasma mem- 
brane (Fig. 3b). Seven days after balloon angio- 
plasty, the neointima became multilayered and 
was occupied by randomly arranged collagen 
fibers, abundant extracellular matrix and numer- 
ous copious cells of irregular shapes (Fig. 3c). 
Many of the cells had plentiful cytoplasm with 
an extensive endoplasmic reticulum and numer- 
ous Golgi complexes (Fig. 3d). The same cells 
with a few tiny processes contained very few 
patches of peripheral myofilaments and lacked a 
distinct basement membrane (Fig. 3d). With con- 
tinuous infusion of abciximab 7 days after angio- 
plasty, the intima was composed of a little 
increased extracellular matrix and collagen fibrils 
(Fig. 3e).Tn the media, most of cells contained a 



prominent endoplasmic reticulum and Golgi 
complex (Fig. 3f)- Interestingly, they also retained 
typical features of quiescent SMCs, such as a 
moderate amount of myofilaments, numerous 
caveolae and the investment by the basement 
membrane (Fig. 3f). 

2 A. Effect ofAbciximab on PDGF-BB Expression by 
Immunohistochemistry 

The distribution of PDGF-BB within carotid 
neointima was examined using an antibody that 
recognizes PDGF-BB but not PDGF-AA or PDGF- 
AB. From immunohistochemistry, low level of 
PDGF-BB production was present in the layer of 
endothelial cells in uninjured arteries (Fig. 4a). 
Immunoreactivity of PDGF-BB was strongly 
expressed in thrombus formation and neointimal 
SMCs, particularly among those located at or 
near the luminal surface at 7 days after angio- 
plasty (Fig. 4b). The expression of PDGF-BB in 
neointimal SMCs continued until the end of the 
experiments (data not shown). The sustained 
intravenous infusion of abciximab for 7 days 
significantly reduced PDGF-BB expression in 
both vessel lumens and neointimal SMCs in 
arteries after angioplasty (Fig. 4c). This result 
indicated that abciximab markedly inhibited 
thrombus formation in carotid arteries after 
angioplasty, thereby inhibiting the release of 
PDGF-BB from platelets. 

2.5. Effect ofAbciximab on Plasma Nitrate and TxB2 
Formation in Rats After Angioplasty 

As shown in Table 1, nitrate production time- 
dependently increased at 7 and 14 days after 
angioplasty in rats. Balloon angioplasty caused 



Fig. 3. Ultrastructural changes of vessel walls and smooth muscle cells in (a-b) sham-operated, (c-d) balloon 
angioplasty, and (e-f) abciximab- treated rats, (a) Only a few collagen fibrils and extracellular matrix between the 
endothelium and the internal elastic membrane (I) are observed in sham-operated rats which show typical smooth 
muscle cells bearing numerous processes, (b) Note the characteristic features of the smooth muscle cell, a significant 
amount of myofilaments (F), a poorly developed endoplasmic reticulum and the caveolae (arrows) along the 
cytoplasmic membrane, (c) In balloon-lesioned rats, the neointima is full of irregular-shaped cells and extracellular 
matrix, (d) The irregular-shaped cells possess extensive endoplasmic reticulum (arrowheads), well-developed Golgi 
complex (G) but very few myofilaments (arrows) under the cytoplasmic membrane, (e) Note a slightly increased amount 
of collagen fibrils and extracellular matrix in the intima of abciximab-treated rats following angioplasty, (f) The cell in 
the media shows well-developed Golgi complex (G) and extensive endoplasmic reticulum (arrowheads) but preserves 
characteristics of typical smooth muscle cell, e.g., abundant myofilaments (F), the caveolae (arrow) and the basement 
membrane (double arrows). 
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Fig. 4. Microphotographs showing PDGF-BB immunoreactivity in parts of rat carotid arteries 14 days after (a) sham 
treatment, (b) balloon angioplasty, and (c) balloon injury followed by abciximab treatment, (a) PDGF-BB 
irnmunoreactivities are distributed only at the layer of endothelial cells (arrow) in the sham-operated vessels, (b) but 
evidently at the thrombus formation (T) and its interface with the media (arrowhead) after angioplasty. A similar 
immunoreactive profile is found between the (a) sham-operated and (c) abciximab-treated vessels (arrow). M, media. 



about a 1.5- and 2.1-fold rise in nitrate formation 
compared with that in sham-operated rats with a 
7- and 14-day infusion, respectively (Table 1). 
Infusion of abciximab (0.25 mg/kg/day) did 
not significantly change nitrate production in 
angioplastic rats with a 7- and 14-day infusion, 
respectively (Table 1). These results imply that 
the effect of abciximab preventing neointimal 
hyperplasia was not related to the inhibition of 
NO production in rats after angioplasty. 

On the other hand, plasma TxB 2 concentra- 
tions had increased about 10-fold at 7 days after 
angioplasty and were still elevated at 14 days 



(Table 1). Abciximab (0.25 mg/kg/day) mark- 
edly suppressed the elevation of plasma TxB 2 
concentration by about 67% and 69% during 
continuous the 7- and 14-day infusions, respec- 
tively (Table 1). 

2.6. Effect of Abciximab on Cyclic GMP and Cyclic 
AMP Formation in Rats After Angioplasty 

Table 2 summarizes the time course of cyclic 
GMP and cyclic AMP levels in plasma after 
angioplasty and abciximab delivery. The levels 
of cyclic GMP increased significantly in rats 
after angioplasty vs. sham-operated rats. How- 



Table 1. Effects of abciximab on TxB 2 and nitrate 
formation in plasma after balloon angioplasty of rats 



Group 



Nitrate (MM) TxB 2 (ng/ml) 



Sham 

Angioplasty 

+ SAL (7 days) 

+ SAL (14 days) 

+ Abciximab (7 days) 

+ Abciximab (14 days) 



9.8 ±1.2 

15.0 ±1.3** 
21.3 ±1.9*** 
16.5 ±1.4** 
18.7 ±1.6*** 



0.27 ±0.06 

2.56 ±0.15*** 
2.97 ±0.43*** 
0.84 ±0.19* 
0.93 ±0.17* 



Rats were treated with abciximab (0.25 mg/kg/day) or isovolumeric normal 
saline (SAL) for 7 and 14 days after balloon angioplasty; then the plasma 
nitrate and TxB 2 concentrations were determined as described in the 
Materials and Methods. Data are presented as means ±S.E.M. (h = 6). 
** P<.01. 

*** P < .001 compared with sham-operated rats. 



Table 2. Effects of abciximab on cyclic AMP and cyclic 
GMP formation in plasma after balloon angioplasty of 
rats 



Group 


Cyclic GMP 


Cyclic AMP 




(pmol/ml) 


(pmol/ml) 


Sham 


97 ±1.3 


48.5 ±7.4 


Angioplasty 






+ SAL (14 days) 


16.5 ±1.9* 


41 .8 ±6.5 


+ Abciximab (7 days) 


15.9 ±2.5* 


54.1 ±9.1 


+ Abciximab (14 days) 


20.4 ±3.7* 


59.5 ±8.7 



* P<.001 compared with normal saline- treated rats. 



Rats were treated with abciximab (0.25 mg/kg/day) or isovolumeric normal 
saline (SAL) for 7 and 14 days after balloon angioplasty, then the plasma 
cyclic AMP and cyclic GMP concentrations were determined as described in 
the Materials and Methods. Data are presented as means ±S.E.M. (h =6). 
* P <-05 compared with sham-operated rats. 
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ever, continuous administration of abciximab 
(0.25 mg/kg/day) for 7 and 14 days did not 
significantly change the level of cyclic GMP 
after angioplasty. Furthermore, no significant 
differences of cyclic AMP levels were found in 
plasmas between sham-, balloon angioplasty-, 
and abciximab-treated rats (Table 2). These 
results indicate that abciximab inhibition of 
neointimal hyperplasia was unrelated to the 
increased levels of cyclic AMP and cyclic GMP 
in this study. 

3. Discussion 

Balloon angioplasty disrupts the continuity of the 
endothelium and induces deep arterial injury, 
exposing the subendothelium to the blood. The 
injury sets up key adhesive interactions between 
cells and their ligands. The circulating platelets 
can recognize adhesive substrates and rapidly 
adhere to the damaged surface. The adhesive 
response of platelets represents an initial step, 
which may be followed by platelet secretion and 
aggregation [18]. Activation of platelets is accom- 
panied by secretion of vasoactive substances 
such as vasoconstrictive agents (TxA^ serotonin), 
as well as chemokines and mitogens such as 
basic fibroblast growth factor (b-FGF) and PDGF, 
one of the more prominent ones in the formation 
of neointima. These growth factors stimulate the 
migration and proliferation of SMCs [19], which 
are considered to be pivotal in the formation of 
neointimal hyperplasia [19]. 

Early clinical trials failed to demonstrate any 
beneficial effect of antiplatelet agents on rest- 
enosis after coronary angioplasty, although the 
acute complications were significantly reduced 
[20,21]. There are several potential explanations 
why these clinical trials have failed to demon- 
strate the ability of antiplatelet agents to prevent 
restenosis after angioplasty. First, there are no 
data to substantiate a reduction of platelet accu- 
mulation at the site of injury. Second, even a 
major reduction in the aggregation response of 
platelets may be insufficient to prevent substan- 
tial release of the chemokines involved in ini- 
tiation of the proliferative response. Factors 
released from other cell types (injured endothe- 
lial cells, injured medial SMCs, or white blood 



cells) may play an important role. Third, these 
antiplatelet agents have negligible effects on pla- 
telet adhesion. Thus, the failure of the antiplatelet 
agents tested in clinical trials should not lead to 
the conclusion that platelets are not involved in 
neointimal hyperplasia or that they are an inap- 
propriate therapeutic target. 

In this study, we report time-dependent inhi- 
bition of neointimal hyperplasia in damaged 
carotid arteries by an otubfo integrin mAb, abcix- 
imab. Abciximab can recognize (3 3 integrin such 
as anbp3 and ayfo [H/12]. anbft* is the platelet 
receptor for, among others, fibrinogen, and as 
such is responsible for platelet aggregation and 
thrombus formation. On the other hand, otvP3 
integrin is thought to play a major role in 
PDGF-stimulated migration of SMCs [22]. 

In this study, the dose of abciximab employed 
was 0.25 mg/kg/day, which produced the max- 
imal inhibitory effect on platelet aggregation 
stimulated by collagen (10 fxg/ml) in an ex vivo 
study (data not shown). Therefore, we used a 
fixed concentration of abciximab (0.25 mg/kg/ 
day) to characterize its detailed inhibitory 
mechanisms in neointimal hyperplasia through- 
out the study. Abciximab time-dependently 
inhibited both lumen occlusion and neointimal 
hyperplasia of carotid arteries with continuous 
infusion for 7 days after angioplasty. However, 
when abciximab was continually administered 
for 7 days after injuries, the inhibition of neointi- 
mal hyperplasia was less pronounced than that 
of lumen occlusion (Fig. 2). This discrepancy may 
result from platelet deposition that occurs imme- 
diately after arterial injury, an acute effect (plate- 
let adhesion, activation, and aggregation), which 
abciximab can effectively inhibit, thereby mark- 
edly inhibiting thrombus formation and then 
reducing lumen occlusion with short-term (7 
days) treatment. On the other hand, a shorter 
treatment period ( ^ 7 days) was less effective, 
indicating- that integrin (avfo) inhibition is still 
needed beyond the first few days. This late 
beneficial effect may be related to inhibition of 
SMC avfe receptors. Our preliminary data also 
revealed that abciximab (0.5 (jM) markedly inhib- 
ited the adhesion of SMCs to immobilized fibro- 
nectin, vitronectin, and laminin (all at 10 fig/ml) 
at a rate of about 89%, 85%, and 63%, respectively 
(n=3, unpublished data). 
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PDGF is comprised of two distinct but related 
polypeptides (A and B) that are products of 
unique genes [22]. Two separate PDGF receptor 
genes (a and (3) have been identified: [3(3 receptors 
bind only PDGF-BB, a(3 receptors bind PDGF-AB 
or -BB, and aa receptors bind all three isoforms 
with high affinity [23,24]. Because PDGF released 
from rat platelets is mostly PDGF-BB [24], SMCs 
appear able to respond to the rapid appearance of 
PDGF-BB at sites of vascular injury resulting from 
platelet degranulation, and it plays an important 
role in neointimal hyperplasia. Stimulation of 
SMC chemotaxis and extracellular matrix pro- 
duction are two known properties of PDGF in 
vitro [22] that seem particularly relevant in this 
regard. Therefore, we speculated that the obvious 
effect of abciximab. on reduction of PDGF-BB 
expression in injured vessel after angioplasty 
may result from inhibition of platelet aggregation 
associated with secretion, thereby leading to the 
prevention of PDGF-BB production. 

Most experimental models of arterial injuries 
remove the endothelium, as do balloon angio- 
plasty and surgical endarterectomy in humans, 
and thus decrease endothelial constitutive NO 
synthase (cNOS) activity at the injury site [25]. 
Loss of endothelial NO synthesis, with its ability 
to inhibit platelet and leukocyte activation and 
SMC proliferation, appears to play an important 
role in the restenosis process. In a rat with carotid 
artery injury, Guo et al. [26] observed that admin- 
istration of a NO-compound-inhibited neointi- 
mal hyperplasia. Interestingly, vascular injury 
stimulates expression of another NOS isoform, 
inducible NO synthase (iNOS), in activated 
SMCs [25]. Hansson et al. [27] detected iNOS 
gene expression in neointimal but not medial 
SMCs 1-14 days after balloon-induced rat caro- 
tid artery injury. NO production by SMCs may in 
part compensate for the absence of endothelial 
NO synthesis by inhibiting SMC proliferation, as 
well as by limiting thrombus formation by pre- 
venting platelet adhesion and aggregation 
[25,27]. This hypothesis is also supported by 
our observations, that, in rats, NO concentration 
markedly increased in plasma afteT angioplasty 
(Table 1). Furthermore, in the present study, we 
show that cyclic GMP formation also increases 
after angioplasty. This result is in accordance 
with NO formation: the NO produced is biologi- 



cally active since most cellular actions of NO 
occur via stimulation of intracellular guanylate 
cyclase, leading to an increase in cyclic GMP [28], 
a potent inhibitor of SMC growth. However, 
abciximab did not significantly affect the forma- 
tion of NO or cyclic GMP after angioplasty, 
indicating that the (3 3 integrin mAb attenuating 
neointimal hyperplasia, at least partly, is not 
mediated by the NO/cyclic GMP pathway. 
Furthermore, elevation of cyclic AMP attenuates 
mitogen-activated protein kinase signaling 
induced by PDGF in SMCs [29]. However, the 
results of this study suggest that cyclic AMP 
might hot play an important role in the media- 
tion of neointimal hyperplasia after angioplasty. 

TxA 2 is an important mediator of the release 
reaction and aggregation of platelets [30]. It 
has been demonstrated that phosphoinositide 
breakdown can induce TxA 2 formation via free 
arachidonic acid release by diglyceride lipase or 
by endogenous phospholipase A 2 from mem- 
brane phospholipids [31]. In this study, abcix- 
imab markedly inhibited TxA 2 formation in 
plasma after angioplasty in rats. In a rabbit 
model, the intravenous administration of a 
thromboxane synthetase inhibitor was effective 
in reducing platelet deposition after angioplasty 
[32]. Therefore, it seems likely that abciximab 
inhibiting TxA 2 formation may play an impor- 
tant role in the inhibition of neointimal hyper- 
plasia after angioplasty. 

In conclusion, the most important finding in 
this study is that abciximab effectively inhibit- 
ing neointimal hyperplasia after angioplasty is 
due, at least partly, to mediation by both the 
inhibition of TxA 2 formation and PDGF-BB 
release from platelets, but not by increasing 
the NO/cyclic GMP or cyclic AMP pathways. 
The inhibitory properties of abciximab may be 
involved in the following two mechanisms. (1) 
Abciximab binds Gim,$3 integrin on the platelet 
membrane in injured arteries after angioplasty, 
with a resulting inhibition of platelet adhesion, 
secretion, and aggregation followed by inhibi- 
tion of TxA 2 formation and PDGF-BB release 
from platelets, thereby leading to inhibition of 
lumen occlusion (thrombus formation) and SMC 
migration, as well as proliferation, and ulti- 
mately to inhibition of neointimal hyperplasia. 
(2) Abciximab may also bind a v (3 3 integrin on 
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SMCs, thus subsequently inhibiting cell migra- 
tion and proliferation, and finally inhibiting 
neointimal hyperplasia. 
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between the ascending aorta and the pul- 
monary artery, requiring surgery to cor- 
rect. . 

a. stenosis Narrowing of the aorta or 
its orifice due to lesions of the wall with 
scar formation. It is caused by infection, 
as in rheumatic fever, or by embryonic 
anomalies: Hypertrophy of the heart is 
a common result SYN: aortostenosis. 
SEE : Nursing Diagnoses Appendix. 

Symptoms: Symptoms include dysp- 
nea on exertion, fatigue, exertional syn- 
cope, angina, and palpitations. Orthop- 
nea and paroxysmal nocturnal dyspnea 
are due to left ventricular failure. Periph- 
eral edema may be present. Palpation de- 
tects diminished carotid pulses and pul- 
sus altemans, displacement of the apical 
impulse, and a systolic thrill at the base 
of the heart, at the jugular notch, and 
along the carotid arteries. 

Nursing Implications: The nurse 
obtains a history of related cardiac disor- 
ders; Cardiopulmonary function is as- 
sessed regularly by monitoring vital signs 
and weight, intake, and output for signs 
of fluid overload. The patient is monitored 
for chest pain, which may indicate cardiac 
ischemia, and the electrocardiogram eval- 
uated for ischemic changes. Activity tol- 
erance and fatigue are assessed. 

After cardiac catheterization, the inser- 
tion site is checked , according to protocol 
(often every 15 min for 6 hr) for signs of 
bleeding; the patient is assessed for chest 
pain, and vital signs, heart rhythm, and 
peripheral pulses distal to the insertion 
site are monitored. Problems are reported 
to the cardiologist. 

Desired outcomes include adequate car- 
diopulmonary tissue perfusion and car- 
diac output, reduced fatigue with exer- 
tion, absence of fluid volume excess, and 
ability to manage the treatment regimen. 

a. valve The valve between the left ven- 
tricle and the ascending aorta that pre- 
vents regurgitation of blood back into the 
left ventricle. It is composed of three seg- 
ments, each of which is called a semilunar 
cusp. The valve is open during ventricular 
systole and closed during diastole, 
aortitis (a-or-ti'tis) [L. from Gr. aorte, aorta, 
+ itis, inflammation] Inflammation of the 
aorta. This condition is associated with 
syphilis and other diseases in which vas- 
cular changes have taken place. It is a 
common cause of aortic aneurysm. Symp- 
toms include possible cough, cyanosis, 
dyspnea, cardiac asthmatic attacks, and 
hemoptysis, 
aortoclasia (S'or-td-kla'ze-a) [" + klasis, a 

breaking] Aortic rupture, 
aortocoronary (a-or"to-kor'6-na-re) Pert, to 
both the aorta and the coronary arteries, 
aortocoronary bypass Coronary artery by- 
pass surgery, 
aortogram (a-or'to-gram") [" + gramma, 
something written] An image of the aorta 
obtained through radiography, computed 



tomography, or magnetic resoi 
aging, usually after the injectic^ 
trast agent. ^» 
aortography (a"or-tog'ra-fe) [L. 
aorte, aorta, + graphein, to wi 
ography of the aorta after inje, 
contrast medium, aortography 
adj. : 

retrograde a. Aortography _ 
of a contrast medium into the § 
one of its branches, and thus 
direction of the blood flow. 

translumbar a. Aortography^ 
tion of a contrast medium into t 

inal aorta through a needle _, 

the lumbar area near the level d| 
rib. ■ 

aortoiliac (a-or"td-Il'e-ak) Pert, toj 
aorta and the iliac arteries. . 

aortolith (a-or'to-Hth)!" + lithos; L 
careous deposit in the aortic wap 

aortomalacia (a-or*t6-mfi-la'she^a|fi, 
lakia, softness] Softening of thej|j 
the aorta. J]|f 

aortoplasty (fi-or ff to-plas w te) Surgica 
of the aorta. f 

aortorrhaphy (a"or-tor'S-fe) [" +;],. 
seam; ridge] Suture of the aortavi] 

aortosclerosis (a-or^to-skler-d'sls) f 
ros, hard] Aortic sclerosis.* 

aortostenosis (a-or"td-ste-no'sIs)j 
nosis. 

aortotomy (a"or-t6t'6-me) [" + tot 
sion] Incision of the aorta. 

AOS anodal opening sound. . , 

A.O.S.S.M. American Orthopedic S<jc 
Sports Medicine. , ■ " 

A.O.T.A. American Occupational-. 
Association. ; , 

A.O.T.F. American Occupational ^ 
Foundation. 

A.P. anteroposterior. . 

A.P.A. American Pharmaceutical' ' 
tion; American Physiotherapy 
tion; American Podiatry Assol 
American Psychiatric Association?* 
ican Psychological Association. vf 

APACHE II Acronym for Acute Phi 
and Chronic Health Evaluation; & 
ity of disease classification system; 

apallesthesia (a-paTes-th§'ze-&) 151* 
lein, to tremble, + ais thesis, seS 
Inability to sense vibrations. SEEij 
thesia. -V 
apancreatic <a-pan"kre-at'Ik) 1. Cai 
absence of the pancreas. 2. Pert'* 
involvement of the pancreas. ^ 
aparalytic (a-paVa-Ht'Ik) [Gr. oA 
paralyein, to loosen] Marked by lacM 
ralysis. M}m 
aparathyrosis (S-par"S-thI-r5'srs) \?M 
near, + thyreos, an oblong shield^lf 
condition] Parathyroid deficiency. '3 
apareunia (a"par-u'ne-a) [" + parent' 
ing with] Inability to accomplish, 
intercourse. SEE: dyspareunia. * K 
aparthrosis (ap"ar-thr6'sls) [Gr. apok 
+ arthron, joint, + osis t condition! 

joint that moves freely in any 



^dulder joint. SYN: diarthro^ 
"" ation of a joint. 
#-tii6t'Ik) [" + pathos, dis- 
rfcdifferent; without inter- 
mit) Apathetic. 

i) [" + pathos, disease, 
iiinos, condition] Slowness 
imuli; opposite of erethism. 
n&PlGr. apatheia] Indifler- 
Bility; lack of emotion. SYN: 



||^f!> [Ger. Apatit, "the decep- 
S^iA- mineral containing calcium 
ijSteions and a univalent anion 
initio; the major constituent 
^ii bones. 

^phagocyte count, 
ffykphenacetin, and caffeine, 
■T^ents in various headache 
^tetsnPhenacetin is no longer 
a^ujtable for use in any form. 
^^iUiiitdry extract. 
jl^pUias) [Gr. a-, not, + L; pellis, 
*^&mng skiri; 2. Lacking foreskin; 

J|(ffip¥^?e^)i[Gr. a-, not, + pepsis, 
§1 Cessation of digestion. 
U&Wj^sIn'e-a) Absence of pepsin 
%iw}c juice. . 

Hl^j&eent) [L. aperiens, opening] 
*minild)laxative effect 2; A mild 

- : . '• 
^--Jtig other than periodically. 
p^M^tfil'sls) [Gr. a-, not, + 
^g^^M)sialsis, constriction] Ab- 

f^W^^^f^^ [L. aperire, to open] An 
^M^'^ge,: such as wine, taken 
stimulate the appetite. . 

stf^HW 1 - Stimulating the ap- 
^Ag&rtent wi 

( fi *Parz') [Eugene Apert, 
tt 868-1940] A congenital 
^s^'ftrked by a peaked head and 

ff*SSF# i i^*' i,ndtoeB - 0ra! manifesta- 
Ig^^idMeft palate or uvula, a prog- 
tpfflgidible; and maxillary hypopla- 
1 ^g iti extreme malocclusion, 
ii imwiw^ ^'^^ aperturae [L.] An 

^g^JS^ .^^uO An orifice or opening, 
KSl^^ a - t<I ^ aical or bony spaces or ca- 

|^|@^^^a^xes, apices [L., tip] The 

Mg^'.** of root of a tooth. 
MSIaEff W to,e, ^ e m »vement of the 
Wm^t 'tPyg*** * e chest 

K«^3S2t 8 * 1UL (8 9 cm ^ from the 

P WliS^^ 16 ' ™ th the sternum 
N»5SSbSS Gene «»y it may be 
IS*^ or Palpation; when 
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Precordia 
deformity, ( 
pericardial < 
apexcardiogr: 
wall moven 
beat, 
apexigraph, a 
grfif) [L. a/ 
write] An in 
location ant 
root, 
apex murmur 

heart. 
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tion of tissue. Histologically, it involves 
the dilatation and increased permeability 
of small blood vessels, which result in mi- 
gration and accumulation of leukocytes 
and exudation of plasma proteins into the 
area. The result dilutes; destroys, or walls 
off the injurious agent and injured tissue 
-and is marked by the classic signs of in- 
flammation: pain (dolor), heat (calor), red- 
ness (rubor), swelling (tumor), and loss of 
function (functio laesa). SEE: leukotri- 
enes. r • ":' ' 

physiological stress r. Stress r. 
reticulocyte r. An increase in reticulo- 
cyte production in response to the admin- 
istration of a hematinic agent. ; 

stress r. The predictable physiological 
response that occurs in humans as a re- 
sult of injury; surgery, shock, ischemia, or 
sepsis. SYN: physiological stress r. 

This response is hormdnally mediated 
and is 'divided into three distinct phases: 
Ebb phase (lag phase): For 12 to 36 hr 
after the precipitating event, the body at- 
tempts to conserve its resources. Vital 
signs (heart, respiration, temperature) 
are less than normal. Flow phase (hyper- 
metabolic phase): This stage peaks in 3 to 
4 days and lasts 9 to 14 days, depending 
on the extent of the injury or infection and 
the person's physical and nutritional 
status. Carbohydrate, protein, and fat are 
mobilized from tissue stores and catabo- 
lized to meet the energy needs of an in- 
creased ' metabolic rate (hypermetabo- 
lism). Serum levels of glucose and 
electrolytes such as potassium can ; in- 
crease dramatically. If this stage is not 
controlled by removal of the cause or ac- 
tivator, multiple system organ failure or 
death can result. Anabolic phase (recov- 
ery): The anabolic, or healing, phase oc- 
curs as the catabolism declines, and elec- 
trolyte balances are restored. Often, 
aggressive nutritional support is neces- 
sary to promote a positive nitrogen bal- 
ance. 

triple r. The three phases of vasomotor 
reactions that occur when a pointed in- 
strument is drawn across the skin. In or- 
der of appearance, these are red reaction, 
flare or spreading flush, and wheal. 

unconditioned r. An inherent response 
rather than one that is learned. SEE: re- 
flex, conditioned. 

rest (r6st) [AS. raest] 1. Repose of the body 
caused by sleep. 2. Freedom from activity, 
as of mind or body. 3. To lie down; to cease 
voluntary motion: 4. A remnant of embry- 
onic tissue that persists in the adult. 

restenosis (r§*sts-n6'sls) CL. re, again, + Gr. 
stenos, narrow] The recurrence of a ste- 
notic condition as in a heart valve or 
vessel. 

restiform (res'tl-form) [L. restis, rope, + 
forma, shape] Ropelike; rope-shaped. 

resting Inactive, motionless, at rest. 

resting cell 1. A cell not in the process of 
dividing. SEE: interphase. 2. A cell that is 



not performing its 1 
nerve cell that is- 1 ^ 
pulse or a muscle cell ^ 
ine), H /** 

resting pan splint Si 
tion fingers and ste 
tional position with-j 
position. Also called 1 / 
restitutio ad integrut 
m-te'grum) EL.) 
health; i^™ 
restitution (rts'WWM 
1. The- return to ta^jl 
act of making amettf 
a fetal head to thef' 
completely emerge 
restless legs syndror 
known etiology niart 
creeping and intef 
occurring in the : J 
causing an almos 
move the legs. The>J 
at the end of thedaf 
■ either seated or in : =l 
sometimes associat 
nal colic caused by I 
the actual passage < 
times it is a side; 
drugs. About 10% of^ 
25% of people with M 
experience this conid; 
dition may be assod 
caffeine. Patients sjic 
take! Clonazine or d* 
beneficial: SYN: Ek{ 
restoration i (reVto^r&'f, 
to fix] 1. The return| 
previous state. 2/In>| 
ment, material,:6f x~ 
tooth surface, or ret 
the teeth and adjace 
temporary r. A ti 
tooth cavity made froj 
genol or some plestiCfl—* 
restorative (rf-stor'fi-1&^ 
fix] 1. Pert, to restaratjf 
that is effective in'tli^ft 
and strength. - : 'i^lk 
restraint (ri-strantO^W^ 
1. The process of refigujL 
tion, mental or physical 
of being hindered. 3;;In * 
of major tranquihzetfi^ 
to prevent patients; 
selves or others. 
straints are used 
tients; in acute careihj 
7.4% and 17% of patU « 
strained. ; '»3%8H 

The Food and P" 5 *'* 
which regulates nw 
fined restraint as 




wristlet, anklet, or ot 
tended for medical pt 
its a patient's moveL 
necessary for treatment , jt 
protection of the V^^S 
vices include safety vesW^ 
and wheelchair belts, « 
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protection nets. 
*&jhould be fitted properly 
Ipqloose nor too tight). They 
rjplied in a manner that will 
^Heht from accidental self- 
strangling or smothering 
slipping down inya bed, 

j^chair;.'-: \- ■ h ■*■'*■ 

^legally and ethically re- 

J&eipafety and well-being of 
iir care; however, when pa- 
'''><qt -achieving the thera- 
irs to require physical or 
i tTestraint, health care 
Consider that such action 
itVlegal rights to auton- 
.eiermination. Decisions to 
siiiai or. pharmacological re- 
abased bri a clear, identi- 
fied need for their use (i.e. t 
uig the. patient from harm or 
gof^e therapeutic goals can- 
l^y'.other manner^ ■. 
Inpatients, effective alterna- 
jtcabrestraint include provid- 
5i ^-\ip s and dose supervision 
t^laining procedures to re- 
fwhen possible, removing in- 
HfcaraifcSi catheters to 
^rt- and the potential for 
i&roviding good lighting, en- 
Miways are clear, and that 
Mequately secured to mini- 
™ ^environmental hazards; 
jie call button is easily ac- 
jlitate patient requests for 
t ambulation; reducing un- 
ions (e.g., background 
cwuiling patient access to di- 
Hwit^ music and video movies 
m^laxation; and encouraging 
t^rt^^ exercise to meet patient 

fed.consent must be obtained 
Tt or guardian prior to use of 
*nunts should not be used 
fic order from the treating 
b:AimQst any type of restraint has 
tttl'fer harming the patient, thus 
^WlSiportant to monitor use arid 
IfKat it is applied correctly and re- 
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^I&PLICATIONS: The nurse re- 
|;t^orts patient behaviors that 
need for restraint to en- 
^ aid achievement of therapeu- 
^describes nursing actions de- 
feMlueve care objectives without 
l*«Sjbraint and their effects; sug- 
dominium amount of restraint 
|& achieve the objectives of care 
on of mobility only to the de- 
fy);, secures .or reviews phy- 
r. ; a- for specific types of re- 
^validates informed consent; 



explains the use of the specific type of i 
straint to the patient and family membi 
as a "reminder'needed for protection; a 
encourages verbalization of feelings a 
concerns and provides emotional suppc 
The nurse follows these general gui 
lines for application of restraints: the < 
vice that is most appropriate fori the p 
pose is selected (e.g., padded mitts prot 
against patient removal of intravenouf 
other.invasive tubing by limiting the al 
ity to manipulate equipment with fing 
but do not eUrit the restlessness and fr 
tration that occurs when the- hands ^ 
tied downVwith wrist restraints). > 
status of tissues is assessed and do 
mented before appUcation. Bony pro 
nences that will be in contact with the 
straining devices are padded be! 
application of such restraints. Restrai 
are applied to maintain a comforU 
normal anatomic position, and mobUil 
limited only as much as is necessar 
protect the patient (i.e;, the; nurse i 
change the position without defeatuig 
objectives of the restraint). The nurse 
chors restraint devices securely and 
sures that they do not interfere with b 
flow to the limbs or trunk; ensures 
the restraints can be released quick! 
the event of emergency; documents a; 
cation arid evaluation of current sb 
assesses and records the effects of th 
straint on patient behavior, and on 
neurovascular status distal to the sj 
the restraint at fluent intervals - 
every 30 min); reports signs of mere 
agitation promptly; releases restr 
(one at a time if the patient is unrel 
or combative) and allows or pnr 
range-of-motion exercises two to 
times each shift; arid evaluates the 
for continuing restraint at least once 
shift, discontinuing the devices as so 
the patient's status permits. 

r. in bed The, therapeutic use of F 
cal means to preventlimb or body m 
in bed. If a proper bed is not availabl 

following may provide a makeshift 
native. With the bed against the 
straight-backed chairs are placed 
the open side of the bed. They are tie 
place by interlacing them with rop 
then tying the rope to the foot and 
of the bed. Another method is to p 
wide board the length of the bed on 
Bide and to fasten it through three c 
holes bored near the ends of the b 
A sheet is folded lengthwise to 
width, placed under the patient s 
and crossed in front below the ar 
The hem ends are ^uredj* the' 
the side bar or the bedsprmgs/TCns 
some freedom for turning from, 
side. The patient's hands > and .feet i 
restrained by a clove hitch of wide 
age around the wrists and ankles a 
to the side or foot of the bed 

NURSING IMPLICATIONS, lrie 
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+ rhoia, flow] 1. Increased secretion of fat 
from the sebaceous glands of the skin. 
SYN: seborrhea. 2. Fatty stools, as seen in 
pancreatic diseases. 
idiopathic s. Sprue, 
s. simplex Excessive secretion of the se- 
baceous glands of the face, 
steatosis (ste"a>t6'sls) [* + osis, condition] 
1. Fatty degeneration. 2. Disease of the 
sebaceous glands, 
stegnosis (steg~n6'sls) [Gr. stegnosis, ob- 
struction] 1. Checking of a secretion or 
discharge. 2. Stenosis. 3. Constipation, 
stegnotic (steg-nfif Ik) Bringing about steg- 
nosis. SYN: astringent. 
Stegomyia (steg'o-mi'e-fi) A subgenus of 
mosquito of the genus Aedes, family Cul- 
icidae, suspected of transmitting the vi- 
rus of yellow fever. 
Steinerrs disease (stln'erts) [Hans Stei- 
nert, Ger. physician, b. 1875] A hereditary 
disease characterized by muscular wast- 
ing, myotonia, and cataract SYN: myo- 
tonia dystrophica. 
Stein-Leventhal syndrome (stlh-leVen- 
thai) [Irving F. Stein, Sr., U.S. gynecolo- 
gist,^. 1887; Michael L. Leventhal, U.S. 
obstetrician and gynecologist, 1901- 
1971] Hyperandrogenism ^rith chronic 
anovulation in women without specific 
underlying adrenal or pituitary gland dis- 
ease. Menses may be regular but later oli- 
gomenorrhea develops and then amenor- 
rhea, but infrequently ovulation will 
occur. Infertility is usually persistent but 
may be treated with clomiphene, gonad- 
otropins, or wedge resection of the ovary. 
SYN: polycystic ovary syndrome. 
Stetnmann's extension (stin'manz) [Fritz 
Steinmann, Swiss surgeon, 1872-1932] 
Traction applied to a limb by applying 
weight to a pin placed through the bone 
at right angles to the direction of pull of 
the traction force.- . ■ ; - = 

Steinmann pin A metal rod used for inter- 
nal fixation of the adjacent sections of a 
fractured bone. 
Stella [LJ Star. 

s. ientis hyatoidea Posterior pole of the 
crystalline lens of the eye. 

s. ientis iridica Anterior pole of the crys- 
talline lens of the eye. 
stellate [L. stellatus] Star-shaped; arranged 

with parts radiating from a center, 
stellate bandage A bandage that is 

■ wrapped on the back, cross ways. : 
stellate cell Any cell that appears star- 
shaped (e.g., astrocytes and : > Kupffer's 
cells). : ;■ 

stellate fracture A fracture with numerous 
fissures radiating from the central point 
of injury. 

stellate ganglion A sympathetic ganglion 
formed by the fusion of the inferior cer- 
vical and first thoracic ganglions. 

stellate ligament One of the anterior cos- 
tovertebral ligaments. 

stellate reticulum The central cellular por- 



a nutritive store or protective! 
of the developing enamel crml; 
enamelpulp. 
stellate veins Stars of VerheyenrC 
stellectomy (stei-leVt6-m€) p 
cision] The surgical removal; 
late ganglion. iM $>#® 

Stellwag's sign (steTvags) fCarlr 
von Carion, Austrian oculist;'"' ' 
Widening of the palpebral ap« fc 
absence or lessened frequency bf 
seen in Graves' disease, "t^gf 8 " 1 
stem 1. [AS. stemn, tree trunij 
like structure. 2. To derive fi 
nate in. 3. [ME. stemmen) To 
or hold back. Mi$. 
stem cell Hemocytoblast. ^ 1M_ 
stenion (sten'e-on) [Gr. stenosjmft 
craniometric point at the 
the smallest transverse 
temporal region. 

steno- [Gr. stenos, narrow] 

meaning narrow or short. 'waSi 
stenobregmatic (sten*o-breg-n3 
bregma, front of head] A term? 
a skull with narrowing of rthefrj 
frontal portions: 
stenocephaly (sten<&*era>le) ft 
head] Narrowness of the 
or more diameters; • -*jJj 
stenocompressor (sten'd-kfim 
L. compressor, that which' 
gether] An instrument fori 
Stensen's ducts to stop the 1 
stenopeic, stenopeic (sten-& 
[Gr. stenos, narrow, + ope£ 
•vided with a narrow openin^ 
denoting optical devices to pit 
snow blindness. ■•■>!•' fi\ 

stenosal (ste-n6'sfil) [Gr. steA 

Stenotic. *• 'T-ft 

stenosed (ste-nSst'j sten'6zd) ! iM ; _ 
Stenosis; constricted. . V: .vji$0g^ 
stenosis (st8-nd'sls) [Gr., act ing ' 
The constriction or narro 
. sage or orifice. SYN: strict 
Etiology: This may t< 
bryonic maldevelopment, /jJ 
and thickening of a sphin^ ^ 
flammatory disorders; or e 
opment of fibrous tissuei'ItS 
almost any tube or duct: Tt*l ^ 
aortic s. SEE: under aortic^ 
cardiac s. A narrowing «r i^L 
of any of the orifices leadmg ; ml£ 
the heart or between the &an3&_ 
heart. • ■ "■■ '^^S 

cicatricial s. Stenosis ^re&grar 1 
any contracted cicatrix. . ; "i 

lumbar s. An overgrowth of J&ej 
of the vertebrae so that the^s^i^OTjj 
is narrowed. This may cause backiBWj 
pain, esp. when walking. £^ : $£f*f 
mitral s. Narrowing -of ■tHe^bMw 
fice, obstructing free flow from IJ^i^™ 
to the ventricle. SEE: Nursingpu^^^, 
Appendix. - ■ ' 

pulmonary s. Narrowine < 
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